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A B S T R A C T
A m a g n e tic a lly  c o n tro l le d  t o t a l  im m ersion hydrom eter i s  
d e s c r ib e d . Changes in  u p th ru s t  due to  changes in  d e n s ity  of 
th e  s o lu t io n  a re  b a lan ced  by a d ju s t in g  the  c u rre n t  in  a 
s u i t a b ly  p laced  c o i l .  A sim ple r e l a t io n s h ip  betw een the 
c o i l  c u r r e n t  and th e  d e n s i ty  increm en t p e rm its  the  d e n s ity  
o f th e  s o lu t io n  a s  a fu n c t io n  of c o n c e n tra tio n  o f s o lu te  to  
be in v e s t ig a te d  to  a h ig h  degree of acc u ra c y .
The e l e c t r o l y t e s  o f 1 :1 , 2 :1 , 1 :2  va lence  ty p e s  and 
fo u r  t e t r a - a l k y l  ammonium s a l t s  a re  in v e s t ig a te d .  In  a l l  
th e se  c a se s  th e  d e n s i ty  shows a  l in e a r  fu n c tio n  of c o n c e n tra ­
t io n  over the  c o n c e n tra tio n  range of 5-53 x 10~^N to
3 .3 2  X 10" \ .
The m olar volumes a t  i n f i n i t e  d i lu t i o n  c a lc u la te d  
from our e x p erim e n ta l r e s u l t s  show s l i g h t l y  h ig h e r  v a lu e s  
i n  most of th e  e l e c t r o l y t e s  in v e s t ig a te d .  However, in  
c a se s  of KF, Na^CO^, M gcl^, Sncl^  and KOH the  v a lu e s  of th e  
m olar volumes d e v ia te  c o n s id e ra b ly  from the  p r e s e n t ly  
a v a i la b le  v a lu e s .
The é l e c t r o s t r i c t i o n  e s tim a te d  on the  b a s is  o f the 
d e n s i t i e s  o f the  m olten  s t a t e  of the  e l e c t r o l y t e s  i s  
com parable to  t h a t  e s tim a te d  by M ukherjee. In  c a se s  o f 
1:1 e l e c t r o l y te s  th e  é l e c t r o s t r i c t i o n  v a r ie s  from 3 ml/mole
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to  11 m l/mole and in  c a se s  of 1 :2  e l e c t r o l y te s  from 44 ml/mole 
to  53 m l/m ole w ith  an e x c e p tio n  of Na^CO^. The e l e c t r o l y te s  
o f 2:1 va lence  type show é l e c t r o s t r i c t i o n  around 30 ml/mole 
w ith  a  number of e x c e p tio n s . In  c a se s  of a l l  the  fo u r 
t e t r a - a l k y l  ammonium s a l t s  th e  é l e c t r o s t r i c t i o n  i s  found 
n e g a tiv e  around -  20 m l/m ole .
CHAPTER I  
GENERAL INTRODUCTION
1 .1 . In tro d u c tio n
S ince th e  days o f V a n 't Hoff and A rrhen iu s the  s tu d y  of 
the  e l e c t r o l y t i c  s o lu t io n s  has been c o n sid ered  very  im p o rtan t 
and i n t e r e s t i n g  on the  ground th a t  the io n s  in  s o lu t io n  in v o lv e  
many i n te r e s t i n g  chem ical p ro c e s s e s , and th a t  the  in te r a c t io n s  
betw een io n  and s o lv e n t fu rn is h  i n t e r e s t i n g  and v a lu a b le  in fo rm ­
a t io n  re g a rd in g  th e  s t r u c tu r e  of the  s o lu t io n s ,  e n e rg ie s  and 
mechanism of th e  chem ical r e a c t io n s  and the m acroscopic 
p r o p e r t ie s  o f th e  s o lu t io n s .  The in v e s t ig a to r s  have developed 
v a r io u s  methods fo r  p r e d ic t in g  the  p r o p e r t ie s  o f the  s o lu t io n s  
from the  r e s u l t s  o f the  l im ite d  m easurem ents on th e  a c t i v i t y  
of the  e l e c t r o l y te s  in  s o lu t io n s  (Appendix A ). However, 
t h i s  has le d  to  th e  developm ent o f th re e  i n t e r - r e l a t e d  l in e s  
o f s tu d y  concern ing  r e s p e c t iv e ly  the  thermodynamic and 
t r a n s p o r t  p r o p e r t ie s  of s o lu t io n s ,  th e  q u a l i t a t iv e  and 
q u a n t i ta t iv e  n a tu re  of in te rm o le c u la r  fo rc e s  and the  th e o re ­
t i c a l  methods fo r  r e l a t i n g  m o lecu la r i n te r a c t io n s  w ith  macro­
sco p ic  p r o p e r t ie s  of th e  s o lu t io n s .
For a long  tim e i t  has been su sp ec ted  t h a t  the 
behav iou r o f s tro n g  e le c t r o l y te s  in  d i lu t e  s o lu t io n  could  be 
e x p la in e d  on th e  h y p o th e s is  of com plete d i s s o c ia t io n  and the
8c o n s id e ra tio n  of the  e f f e c t s  of th e  io n -s o lv e n t  and in te r io n ic  
i n t e r a c t io n s .  The lo n g -ran g e  fo rc e s  among the  io n s  which a re  
th e  c h a r a c t e r i s t i c s  of s o l id s  were c o n s id e red  to  be l o s t  in  
therm al a g i t a t i o n  and the  l iq u id  was c o n sid ered  in  a s t a t e  
of d is o rd e r  where only s h o r t- ra n g e  o rd er p e r s i s t s .  But t h i s  
sim ple p ic tu r e  of th e  s o lu t io n  cannot so lve  many o f the 
phenomena observed in  l i q u i d s .  However, the lo n g -ran g e  
fo rc e s  have been found to  have profound e f f e c t s  on the 
observed  p ro p e r t ie s  o f th e  s o lu t io n .  So many e f f o r t s  have 
been made to  u n d e rs tan d  th e se  f o r c e s .
The s t a r t i n g  p o in t o f t h i s  id e a  was o r ig in a te d  in
1833 by Faraday  in  h i s  law s of e l e c t r o l y s i s .  Both Faraday
and D a n ie ll  assumed th a t  th e  charged p a r t i c l e s  c a l le d  io n s
were re s p o n s ib le  fo r  c a rry in g  e l e c t r i c i t y  betw een the  e le c -
who
t r o d e s .  In  1837 i t  was C l a u s iu s / f i r s t  sug g ested  th a t  th e  
io n s  were produced by sim ply  d is s o lv in g  e l e c t r o l y t e s .  He 
a ls o  conceived  the  id e a  o f a form of e l e c t r o l y t i c  d i s s o c ia ­
t io n  by bond d is ru p t io n  o f m o lecu les  and th ese  f r e e  io n s  
th u s  formed went in to  dynamic e q u ilib r iu m  w ith  unbroken 
m o lecu les of the  s o lu te .  But th e  p re s e n t  day tre a tm e n t i s  
based on the  id e a  env isaged  by A rrhen iu s in  I 883 . V/hile 
s tu d y in g  th e  conducting  powers of s o lu t io n s  he concluded th a t  
the  e x te n t  of d i s s o c ia t io n  of an e le c t r o ly te  depends on the
n a tu re  of th e  e le c t r o ly te  and a ls o  in  a l l  c a se s  of incom plete  
d i s s o c ia t io n ,  th e  degree of d i s s o c ia t io n  depends on the con­
c e n t r a t io n ,  i . e .  i t  in c re a s e s  to  u n i ty  a s  the  d i lu t io n  ten d s  
to  i n f i n i t y .  S h o r tly  a f t e r  t h i s ,  Van’t  Hoff re p o r te d  the  
r e s u l t s  o f ap p ly in g  gas law s to  d i lu t e  s o lu t io n s .  He modi­
f ie d  the  e x p re ss io n s  o f the  gas law s to  make them app ly  in  
io n ic  s o lu t io n s  by in tro d u c in g  a f a c to r  i  i . e .  PV = iRT.
The va lue  of i  was determ ined  from th e  r a t i o  o f the a c tu a l  
measurement to  th e  measurement c a lc u la te d  from the id e a l  ■ • 
fo rm u la .
The modern th e o ry  of e l e c t r o ly te s  s t a r t e d  tak in g  
shape when S u th e r la n d  (1 ) ,  Noyes (2 ) ,  and p a r t i c u l a r l y  
Bjerrum (3) gave t h e - f i r s t  q u a n t i ta t iv e  tre a tm e n t of them 
u t i l i z i n g  th e  id e a  of e l e c t r o s t a t i c  fo rc e s  betw een f re e  io n s , 
which was f i r s t  em phasized by Van L aar ( 4 ) .  ■ H ertz  (3) and 
Ghosh (6) a ttem p ted  to  g ive  an e la b o ra te  m athem atica l 
e x p re s s io n  to  the  e f f e c t s  o f in te r io n ic  a t t r a c t i o n ,  bu t 
th e se  proved t o  be in a d e q u a te . M ilner (7) an a ly sed  the 
problem  by an e x ceed in g ly  in v o lv ed  m athem atica l tre a tm e n t, 
b u t an  e n t i r e l y  s a t i s f a c to r y  r e s u l t  was no t a c h ie v e d .
By t h i s  time a sim ple model of e l e c t r o ly te  s o lu t io n s
c a l le d  th e  ’p r im it iv e  m odel’ in  which a l l  bu t the  lo n g -ran g e
fo rc e s  a re  co n sid e red  minimum has been evo lved . T h is sim ple
model
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assum es th a t  th e  io n s  a re  h ard  sp h e re s  w ith  ch arg es a t  t h e i r  
c e n tre s  and th a t  the  so lv e n t i s  an id e a l  d i e l e c t r i c  f l u i d .
But i t  was found to  be very  com plica ted  to  i n t e r p r e t  in  term s 
o f the  p r im it iv e  m odel. C onsequen tly , th re e  d i s t in c t iv e  bu t 
complementary th e o r ie s  were developed fo r  the i n t e r p r e t a t i o n  
of th e  o b s e rv a tio n s .
In  1920 B ronsted  (8) gave th e  th e o ry  of s p e c i f ic  io n  
in t e r a c t io n .  I t  was c o n s id e red  th a t  the  chem ical, i n t e r a c t io n  
betw een io n s  i s  l im i te d  _to. the  in te r a c t io n ,  of. io n s  of o p p o s i te ' 
s ig n s .  Two io n s  of th e  sam e-sign  a re  on ly  . l ik e ly  to  ’ approach, 
each o th e r  to  g ive  r i s e  to  s h o r t  range f o r c e s .  Based on 
th e se  c o n s id e ra tio n s  B ronsted  cou ld  e x p la in  many o f h is  own 
o b se rv a tio n s  of mixed s o lu t io n s  a t  h igh  d i lu t i o n .
In  1923 Debye and Hüôkel (9) gave th e  th e o ry  of io n ic  
in t e r a c t io n .  (Appendix A ). T h is i s  the  f i r s t  s t a t i s t i c a l  
th e o ry  o f e l e c t r o ly te  s o lu t io n s .  V arious t r a n s p o r t  p ro p e r t ie s  
o f e le c t r o ly te  s o lu t io n s  a t  h igh  d i lu t i o n  cou ld  e a s i l y  be 
e x p la in e d  by t h i s  th e o ry . The co n cep tio n  o f the  io n ic  
atm osphere and th e  use  o f P o is so n ’s  e q u a tio n  e f f e c te d  an 
in g en io u s  m athem atica l s h o r t  c u t which le a d s  to  e x a c t r e l a t i o n s  
from which th e  b eh av io u rs  o f d i lu t e  s o lu t io n s  of e l e c t r o ly te s  
may be q u a n t i t a t iv e ly  p re d ic te d .  They computed s u c c e s s fu l ly  
th e  l im i t in g  law fo r  th e  a c t i v i t y  c o e f f i c i e n t  (Appendix A)
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th a t  i s  to  say  an e x a c t t h e o r e t i c a l  e x p re ss io n  fo r  th e  behav iou r 
o f t h i s  p ro p e r ty  in  ex trem ely  d i lu te  s o lu t io n s .  Based on t h i s  
th e o ry  Onsagar (10) gave h i s  th e o ry  of e l e c t r o l y t i c  conductance, 
§nd H elfand and Kirkwood (11) e x p la in e d  the  therm al d i f f u s io n  
in  io n ic  s o lu t io n s .  But the  Debye and Hueke1 th e o ry  i s  
l im ite d  to  very  h ig h  d i lu t i o n s  so much so t h a t  th e re  a re  
h a rd ly  any d a ta  of o b se rv a tio n s  a v a i la b le  a t  t h i s  e x ceed in g ly  
low c o n c e n tra tio n  ran g e .
In  1926 Bjerrum  (12) gave a n o th e r th eo ry  of io n  
a s s o c ia t io n .  A ccording to  t h i s  th e o ry  when two io n s  of 
o p p o site  s ig n  come c lo se  enough w ith in  c e r t a in  a r b i t r a r y  
d is ta n c e  they  form a p a i r .  Such a  p a i r  does no t c o n tr ib u te  
to  the  e l e c t r i c a l  c o n d u c tiv ity  o f the  l i q u i d .  A c tu a lly  
Onsagar proposed h i s  th e o ry  of e l e c t r i c a l  c o n d u c tiv ity  o f 
e l e c t r o l y t i c  s o lu t io n s  based  on t h i s  id e a  o f io n  p a i r s  and 
c o n s id e r in g  th e  r e s t  f r e e  io n s  hav ing  io n ic  a tm osphere .
Fuoss ( 13) developed t h i s  th e o ry  f u r th e r  to  i n t e r p r e t  some 
o b se rv a tio n s  in  o rg an ic  s o lv e h ts .
A ll th e se  th e o r ie s  have g iv en  much in s ig h t  in to  the 
n a tu re  of th e  io n ic  s o lu t io n s .  However, th e re  a re  many 
in t e r e s t i n g  o b se rv a tio n s  e s p e c ia l ly  in  the  equd.librium  system s 
such a s  s a l t i n g  o u t, th e  weak i n te r a c t io n  of an e le c t r o ly te  
w ith  a  n o n -e le c t ro ly te  o th e r  th an  the  s o lv e n t ,  mixed
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e le c t r o ly te  s o lu t io n s  e t c .  These o b se rv a tio n s  s t i l l  p re s e n t 
d i f f i c u l t i e s  to  e x p la in  them w ith  the  h e lp  of th e se  th e o r i e s .  
The fundam ental id e a  of th e se  th e o r ie s  i s  based on the  con­
c e p tio n  of the  io n  s o lv e n t ,  and in te r io n i c  i n t e r a c t io n s .
These in te r a c t io n s  m a n ife s t them selves d i r e c t l y  i n  th e  magni­
tude of th e  f r e e  energy  o f th e  s o lv a t io n .  So the  therm o­
dynamic q u a n t i t i e s  such  as e n tro p y  and f r e e  energy  of so lv a ­
t io n  g ive  u s  a way to  i n t e r p r e t  th e se  in te r a c t io n s  s in c e  
th e se  q u a n t i t i e s  a re  r e l a te d  to  th e  io n ic  r a d iu s .  But the  
measurement o f thermodynamic q u a n t i t ie s  i s  much more s e n s i t iv e  
to  e r r o r  th a n  th e  measurement of p a r t i a l  m olar volum es.
Hence the  s tu d y  of m olar volumes o f e l e c t r o l y t e s  has been 
u n d e rtak en  e x te n s iv e ly  fo r  th e  p a s t  many y e a rs  and has 
c o n tr ib u te d  g r e a t ly  to  our u n d e rs tan d in g  o f the  th e o ry  of 
e l e c t r o l y t e s .
1 .2 .  M olar Volumes of E le c t r o l y t e s .
The thermodynamic fu n c tio n s  such a s  h e a t  c o n te n t, f re e  
energy  e t c .  have th e  p r o p e r t ie s  of depending on te m p e ra tu re , 
p re s su re  and volume and on th e  amounts o f the  v a r io u s  con­
s t i t u e n t s  p r e s e n t .  I f  X r e p re s e n ts  any such e x te n s iv e  
p ro p e r ty  then  the  p a r t i a l  m olar va lue  of t h a t  p ro p e r ty  fo r  
the  c o n s t i tu e n t  i  of th e  system  i s  d e fin e d  by
T -  -  {  ( 1 )
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where i s  the  number of m oles of the c o n s t i tu e n t  i  .
So the  p a r t i a l  m olar q u a n ti ty  shows the  change in  the  e x te n s iv e  
p ro p e r ty  X due to  the change in  the  c o n s t i tu e n t  i  a t  
c o n s ta n t  tem p era tu re , p re s su re  and the amounts of the  o th e r  
c o n s t i tu e n ts  i n  the  system .
Now c o n s id e r  t h a t  th e  volume V i s  the  e x te n s iv e  
p ro p e r ty  o f a  s o lu t io n  c o n ta in in g  n^ and n^ m oles of 
so lv e n t and s o lu te  of m o lecu la r w eight and
re s p e c t iv e ly .  Then th e  p a r t i a l  m olar volumes of s o lu te  and 
so lv e n t a re  g iv en  by
_ ( ) . . .  ( 2 )
-  ( ) . . .  (3 )
V-, (
I t  i s  conven ien t to  in tro d u c e  T ra u b e 's  ap p aren t
m olar volume 0^ o f  the  s o lu te  from which - —  i s  u s u a l ly
2
d e r iv e d . I t  i s  d e fin e d  by
0  -  ^  . . .  (4 )
where i s  th e  m olar volume of th e  so lv e n t a t  zero
c o n c e n tr a t io n .
I f  d and d a re  th e  d e n s i t i e s  of s o lu t io n  and of o
so lv e n t r e s p e c t iv e ly ,  C i s  th e  c o n c e n tra tio n  (m oles of 
s o lu te  p e r l i t r e  of s o lu t io n )  and m i s  the m o la l i ty  (moles
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of s o lu te  pe r 1000 g . o f w a ter) th en
Mg C + V° = 1000 d . . .  (5a)
combining t h i s  e q u a tio n  w ith  th e  e q u a tio n  (4) we o b ta in
^ ^  . 1 0 0 0  (d -  d^) . . .  , 5 ,
d C do o
^ ^  _ 1000
d m d do o
The u su a l method of f in d in g  0^ i s  to  m easure the 
d e n s i ty  of th e  s o lu t io n  co rresp o n d in g  to  a c o n c e n tra tio n . 
Masson (14) found t h a t  0^ v a r ie s  l i n e a r l y  w ith  \/C in  
d i lu t e  s o lu t io n s  and gave th e  e m p ir ic a l  r e l a t i o n
= . . .  (6)
Where 0 °  i s  th e  a p p a ren t m olar volume o f th e  s o lu te
c.t zero  c o n c e n tra tio n  and i s  a c o n s ta n t which g iv es  the
1/2
olope of the  r e l a t i o n  betw een 0^ and C Root (15) 
combined the  e q u a tio n  (6 ) w ith  the  e q u a tio n  (5 ) and d e riv e d
a conven ien t e x p re ss io n
T his e q u a tio n  g iv es  d i r e c t l y  th e  v a lu e s  o f th e  im p o rtan t 
p a ram ete rs  l ik e  0^ and from the  m easurem ents of the  
d e n s i ty  o f the  s o lu t io n .
The in v e s t ig a to r s  l ik e  G effcken ( I 6 ) ,  Gucker ( 1 ? ,l8 )
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and Gibson (19) d e riv e d  th e  co n v en ien t r e l a t i o n  betw een 
p a r t i a l  m olar volume w ith  the a p p a re n t molarvolume u sin g  the 
e q u a tio n  (5) and the  l i n e a r  r e la t io n s h ip  of th e  M asson 's 
e q u a tio n . The e q u a tio n  th u s  d e riv e d  i s
1000 -  c cp
TV
2000 + 0 ^ 2  ^  % yS / -  I T T C
(8 )
T his e q u a tio n  i s  p e r f e c t ly  g e n e ra l and does not 
impose any p a r t i c u l a r  fu n c t io n a l  r e l a t i o n  betw een and"/c . 
In  th e  p a r t i c u l a r  case  where i s  a l i n e a r  fu n c tio n  of s/C
th e  e q u a tio n  ( 8 ) becomes
=  d . W
/ v
o 
/ Ï  '/C
2000 + C3^ 3 »VC
S V c (9)
At low c o n c e n tra tio n s  C <p and C^'^2 ^  Yv' a re  sm all
compared to  3000 and 2000 ^nd the e q u a tio n  (9 ) i s  reduced  to
v „  = 4 °  * y  3  <4 , / T . . .  (10)
Using th e  e q u a tio n  (6 ) t h i s  e q u a tio n  becomes
3 C2 tp V .. ( 11)
i n f i n i t e  d i lu t i o n  the  p a r t i a l  m olar volume and
th e  a p p a re n t m olar volume become equal to  = 0^  ( 12)
T h is l im i t in g  form o f the  e q u a tio n  a t  low c o n c e n tra tio n
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can be compared w ith  the  e q u a tio n  developed by R ed lick  and 
R o se n fie ld  (Appendix A E q u atio n  4 9 ) . Hence the  e q u a tio n  (6) 
can be w r i t te n  a s
S  = <i°  + k.w ^^2 . . .  (13)
/ V • '/
where
k = üf f 3 ( 8 rr ) ^  ( 3  In 0  - ) (14)
( 1000 D ST y "3 p  3
and
N ^
vr = . . .  (15)
From th e se  t h e o r e t i c a l  c o n s id e ra tio n s  i t  i s  
cbvious th a t  the  m olar volumes of e l e c t r o l y te s  can be 
re p re s e n te d  by th e  l i n e a r  fu n c t io n s  o f the  square  ro o t  
of th e  c o n c e n tra t io n . I t  i s  e v id e n t from e q u a tio n  (13) 
t h a t  the  s lo p e  of t h i s  r e l a t i o n  i s  independen t of the 
n a tu re  o f th e  e l e c t r o l y t e s  excep t t h e i r  va lency  b u t i s  a  
fu n c tio n  of th e  te m p e ra tu re , the  c o m p re s s ib i l i ty ,  the  
d i - G le c t r i c  c o n s ta n t o f the  so lv e n t and i t s  p re s su re  
dependence. The th e o r e t i c a l  l im i t in g  slope  i s  n o t 
a c c u ra te ly  known because of th e  u n c e r ta in ty  in  th e  e x p e r i­
m en tal value o f re q u ire d  in  th e  e q u a tio n  (1 4 ) . I t
i s  a ls o  seen  th a t  i s  an a d d it iv e  p ro p e r ty  of io n s .
S e v e ra l in v e s t ig a to r s  have d e riv e d  the  v a lu e s  o f the
y U
p aram ete rs  and ^'^^from d e n s i ty  d a ta  a t  d i f f e r e n t  
te m p e ra tu re s . From th e  d a ta  of B ax te r and W allace (2 0 ),
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S c o tt  (21) d e riv e d  the  v a lu es  fo r  a l l  th e  a lk a l ih a l id e s  except 
po tassium  f lu o r id e .  The wor.c in  t h i s  co n n ec tio n  by G effcken 
( 16) ,  W irth ( 22), H u tting . ( 23 ) , Kohner (2 4 ), Holmann and 
Kohner (2 5 ), S h ib a ta  and Holemann (2 6 ) , Longsworth (2 7 ),
Owen and B rin k le y  (28) and F a jan  and Johnson (29), i s  w orth 
c o n s id e ra tio n .
‘From th e  r e s u l t s  of th e se  in v e s t ig a to r s  i t  i s  found 
th a t  the  d if fe re n c e  betw een 5 v any p a i r  of 1:1I ^
type s a l t s  w ith  a common io n  i s  p r a c t i c a l l y  independen t o f th e  
n a tu re  o f the  common io n . In  case  of d- t h i s  a d d i t i v i t y  
p e r s i s t s  l e s s  a c c u ra te ly  fo r  s a l t s  of h ig h e r  v a le n cy . S c o tt 
showed th a t  t h i s  d e v ia tio n  d e riv e d  from a l l  p o s s ib le  combina­
t io n  o f a l k a l i  h a l id e s  w ith  a common io n  was about 0 .0 7  c .c .  
G effcken a ls o  found t h i s  d e v ia tio n  a lm ost of the  same o rd e r .
But acc o rd in g  to  La Mer and Gronwall (30) t h i s  d e v ia tio n  WaS 
abou t tw ice a s  g r e a t .
The e x p e rim e n ta l s lo p e s  , de term ined  from th ese  
r e s u l t s ,  do no t ag ree  w ith  the  t h e o r e t i c a l  s lo p e s  and show 
c o n s id e ra b le  v a r i a t io n  w ith in  a  s e r i e s  of s im i la r  e l e c t r o l y t e s .  
R ed lick  and Meyer (31 , 32) argued th a t  s in c e  the  l im i t in g  
s lo p e s  a t  ze ro  c o n c e n tra tio n  were d e riv e d  by long e x tr a p o la t io n  
from th e  e m p ir ic a l s lo p e s  o b ta in ed  a t  r e l a t i v e l y  h ig h  con­
c e n t r a t io n  the  l im i t in g  s lo p e s  v a rie d  w ith  the  n a tu re  of the
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e l e c t r o l y t e s  o f the  same v a le n c y . From a c lo se  exam ination  
o f the b e s t  ex p e rim en ta l d a ta  a v a i la b le  they  concluded th a t  
the  l in e s  were a l l  curved a t  h igh  c o n c e n tra tio n  and approached 
th e  same slope  a t  g r e a t  d i l u t i o n .  T h is view can on ly  be 
v e r i f i e d  by ex trem ely  p re c is e  d e n s i ty  m easurem ents, p a r t i c u ­
l a r l y  in  the  v ery  d i lu t e  ran g e .
AP i s  very  s e n s i t iv e  to  the  ex p erim en ta l u n c e r t a in t ie s  / v
in  th e  d e n s i ty  a t  h ig h  d i lu t i o n s ,  a lth o u g h  i t  i s  no t s e r io u s ly  
in f lu e n c e d  by o rd in a ry  ex p erim en ta l e r r o r s  in  th e  d e te rm in a tio n  
of th e  c o n c e n tra t io n s .  I t  has been found t h a t  fo r  a con­
c e n t r a t io n  C = 0 .01  an e r r o r  o f 0.001 p e r c en t in  d would
cause an u n c e r ta in ty  of 1 CO in  rj) . S im i la r ly ,  ^ i s  a ls o
? V
very  s e n s i t iv e  to  d e n s i ty .  In  o rd e r to  g e t s ig n i f i c a n t  r e s u l t s
th e  e r r o r  l im i t s  in  d e n s i ty  should  be below 10 and in  very
-8low c o n c e n tra tio n  ran g es  t h i s  l im i t  should  be a s  sm all a s  10 
T h is h ig h  o rd e r of accu racy  in  th e  d e te rm in a tio n  of
d e n s i ty  i s  d i f f i c u l t  to  a c h ie v e . However, G effcken,
Beckmann and K ru is  (33) developed a d i f f e r e n t i a l  f l o a t  method
f o r  d e te rm in in g  r e l a t i v e  d e n s i t i e s  w ith  h igh  p r e c is io n .  They
based  t h e i r  method on th e  dev ice  by Lamb and Lee (34) and
o th e rs  (33, 3 8 ) . T h is  d i f f e r e n t i a l  m ethod, in  which the
buoyancy of a submerged f l o a t  c o n ta in in g  an iro n  core i s
d e l i c a t e ly  c o u n te r-b a la n c e d  by a p u l l  o f a  so le n o id , makes use
19
of d u p l ic a te  f l o a t  system s in  the same th e rm o s ta t , and th u s  
m inim izes the  e f f e c t s  of u n c e r t a in t ie s  in  tem p era tu re  c o n tro l  
by s im u lta n e o u s ly  m easuring the  d e n s i t i e s  of th e  s o lu t io n  and 
th e  pure s o lv e n t .  O ther in v e s t ig a to r s  (37 -  39) have used 
modern pyknom eter to  a r r iv e  a t  h igh  p r e c is io n  r e s u l t s .
G effcken and P r ic e  (40) have c o l le c te d  and an a ly sed  th e  b e s t  
d a ta  from v a rio u s  so u rces  and conclude th a t  in  case  of some 
a l k a l i  h a l id e s  th e re  i s  a convergence tow ard a common l im it in g  
s lo p e  a t  h igh  d i lu t i o n s .  The value of t h i s  s lo p e  has been 
e s tim a te d  v a r io u s ly  a s  1 .86 to  2.3» The r e s u l t s  o b ta in ed  by 
an ingeneous d i la to m e tr ic  method used  by K ru is (41) and by 
G effcken , K ru is and Solana (42) ag ree  q u ite  w e ll .  The 
h y d ro ly za b le  s a l t s  show s ig n i f i c a n t  d e p a r tu re s  a t  the  most 
d i lu t e  s o lu t io n s  s tu d ie d .  A ll th e se  in v e s t ig a t io n s ,  however, 
s u f f e r  from one common d e fe c t  th a t  th e  c o n c e n tra tio n  range i s  
no t low enough (C ^ ^ .0 1 ). So th e  most l i k e l y  e x p la n a tio n  fo r  
th e  d isc rep a n cy  o f the  v a l i d i t y  of th e  l im i t in g  law r e s t s  on 
th e  la c k  o f a c c u ra te  d e n s ity  d a ta  fo r  s u f f i c i e n t l y  low 
c o n c e n tra tio n s  and th e  r e s u l t in g  p r o b a b i l i ty  of wrong e x t r a ­
p o la t io n .  T his i s  one of th e  re a so n s  which prom pted us to  
u n d ertak e  the  p re s e n t  s tu d y .
1 . 3 . E l e c t r o s t r i c t i o n
At i n f i n i t e  d i lu t io n  the  s a l t  i s  f u l l y  d is s o c ia te d
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and hence i t  i s  conven ien t to  d is c u s s  th e  m olar volume of an 
e l e c t r o ly te  as  an added volume of the  c o n s t i tu e n t  i*ons in  the 
m o lecu le . The volume occupied  hy an io n  in  s o lu t io n  may be 
co n sid e red  to  be made of two term s (a )  a term r e l a te d  to  the  
i n t r i n s i c  volume of the io n  i t s e l f ;  (b ) a term  r e l a te d  to  th e  
é l e c t r o s t r i c t i o n  of w ater m o lecu les in  the  neighbourhood of 
the  io n .
As e a r ly  a s  in  1894, Drude and N erst (43) d e fin e d  the 
é l e c t r o s t r i c t i o n  a s  the  d if fe re n c e  in  volume of the  u n d is s o c i­
a te d  m olecule and t h e i r  io n s .  Follow ing Born (44) th e  f re e  
energy  o f h y d ra tio n  of an  io n  c o n sid ered  to  be a  r i g id  sphere  
o f r a d iu s  r  i s  the  d if fe re n c e  in  the  i r r e v e r s ib le  e l e c t r i c a l  
work re q u ire d  to  charge th e  sphere  in  vacuo and th e  medium 
of d i e l e c t r i c  c o n s ta n t D. Now th e  e l e c t r i c a l  work done in  
ch arg in g  th e  Sphere in  d i e l e c t r i c  medium D i s
^  dq d r = -    . . .  ( l 6 )
where q i s  th e  f i n a l  ch a rg e .
Hence the  f r e e  energy  of h y d ra tio n  p e r sphere  i s
2 r  2 D r
<?-
( 1 -  1 ) . . .  (17)
2 -  D
In  g e n e ra l  case  f o r  N io n s  of charge where N i s
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th e  A vagadro’s number, 2  i s  th e  va lence  and ^ i s  the  e le c t ro n ic  
charge
F . ■ -  N 6^ (1 -  1) . . . ( l 8 )
2 r  D
T his i s  known a s  B orn ’s e q u a tio n .
From th e  therm odynam ical r e l a t i o n s  the  é l e c t r o s t r i c t i o n  i s
( - 3 - )
. >. P T
N 'A  ^ In  D)
2 r  D ( 7: P T
-  /V (- "z " ( )  t "  D ) ( ig )
2 r  D ( 3 ! .n d j  T
where = ( o  Ind  . ) = the  c o m p re s s ib i l i ty  of the
d T  T
so lv e n t and d i s  th e  d e n s i ty  of th e  s o lu t io n .  A s l i g h t l y  
d i f f e r e n t  b u t more a c c u ra te  r e s u l t  may be o b ta in ed  from th e  
work of F rank (4 3 ) . I t  has th e  app rox im ation  form
_ , / 7 3 c /  ( d / > . D  ) \ / ' / f ;  (20)
where d^ i s  th e  d e n s i ty  of the  s o lv e n t and where the  average 
i s  to  be tak en  over a l l  th e  so lv e n t extenc3ing from th e  s u r ­
fac e  of th e  io n .
The o r ig in a l  B orn’s  work ta k e s  the  o p e ra tiv e  d i e l e c t r i c  
c o n s ta n t o f th e  b u lk  medium. T h is v/as su p p o rted  by L atim ar 
(4 6 ) , S ca tch ard  (4 7 ), and Bjerrum (48 , 4 9 ) . Hueke1 (30) 
advanced th e  id ea  t h a t  th e  e f f e c t iv e  d i e l e c t r i c  c o n s ta n t must 
be l e s s  th an  th a t  of pure w ater in  acco u n tin g  fo r  the  course
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o f the  a c t i v i t y  -  c o e f f i c i e n t  c u rv e . Webb (51) a c tu a l ly  
succeeded in  c a lc u la t in g  such an e f f e c t iv e  d i e l e c t r i c  
c o n s ta n t , b u t u n fo r tu n a te ly  th e  method which inv o lv ed  the  
s e le c t io n  of an e f f e c t iv e  moment and the a p p l ic a t io n  of 
the  Langevin th e o ry  to  w ater a s  a normal l iq u id  i s  open to  
s e r io u s  q u e s tio n . S im ila r  c a lc u la t io n s ,  no t a s  a c c u ra te , 
have been made by Zwicky and E vjen (52) and L atim ar and Kasper 
(5 3 ) . However, in  a l l  th e se  c a lc u la t io n s  th e  v a r ia t io n  of 
r  w ith  th e  p re s su re  P has been ig n o re d .
Benson and Copeland (54) used  the  ex p erim en ta l v a lu es  
5 X 10-5 atmos 3 0 = 85
and found
Ve = ----- ml 2/mole . . .  (21)
r
C onsidering  th e  i n t r i n s i c  volume of the  io n  a s  4 fÇ r^
3
wherd r  i s  th e  io n ic  r a d iu s  the  p a r t i a l  m olar volume a t
i n f i n i t e  d i lu t i o n  can be w r i t te n  a s
= A -  B tP  . . .  (22)
r
where according to  Benson A = ~ /T N  = 2 .5  ml/mole 2^‘ 
and B 6 ml 2/mole fo r  Z = 1, 24 ml 2/m ole for Z = 2 
and 54 ml 2/m ole fo r  Z = 3*
C ourtu re  and L a id le ^  fSB) analyzed  the  d e n s i ty  d a ta
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f o r  aquaeous s o lu t io n s  o f e l e c t r o l y te s  o b ta in ed  by Owen and 
B rin k le y  (28) and c a lc u la te d  p a r t i a l  m olar volumes of 
e l e c t r o l y te s  a t  i n f i n i t e  d i lu t i o n .  C onsidering  a r b i t r a r i l y-j-
th e  m olar volume of H io n  a s  zero  th ey  d e riv e d  the m olar 
volumes of the  in d iv id u a l  io n s . They showed th a t  fo r  a g iven  
va lue  o f th e  charge th e  io n ic  volumes vary  l i n e a r l y  w ith the 
cube o f th e  io n ic  c r y s t a l  r a d i i  and fo r  a g iv en  ra d iu s  vary  
w ith  th e  f i r s t  power of the  c h a rg e . They a r r iv e d  a t  the 
e m p ir ic a l e q u a tio n s  fo r  c a t io n s  and an io n s  r e s p e c t iv e ly .
= 16 + 4 . 9 1  -  20Z,r7~0 C T
. . .  (23)
— o = 4 + 4.9 -  20z ”
Now i f  th e  volume of the hydrogen io n  i s  tak en  -  6 m l/ 
mole in s te a d  of zero  th e  same equation  i s  obeyed fo r  bo th  c a tio n s  
and an io n s  i . e .
  = 16 + 4 .9  r  5 -  26 Z •••  (24)
V°± ^ t
T his e q u a tio n  seems to  be p h y s ic a l ly  im p la u s ib le  s in c e  
the  la rg e  number I 6 in  the  e q u a tio n  does no t c o n ta in  e i t h e r  
r  o r %. The value -  6 ml/mole was a ss ig n e d  to  io n  which 
i s  in c o n s is te n t  w ith  the  assum ptions u sed .
1 .4 . I n t r i n s i c  Volu me o f the  Io n .
We have seen  from th e  works of Webb, Zwicky and 
L atim er r e s p e c t iv e ly  t h a t  th e  é l e c t r o s t r i c t i o n  of an io n
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v a r ie s  in v e rs e ly  a s  th e  r a d iu s  of the  io n  and d i r e c t l y  a s  th e  
square  of th e  charge of the  io n . Hence th e  c o r r e c t  t h e o r e t i c a l  
r e p r e s e n ta t io n  of th e  m olar volume of the  io n  i s  g iv en  by 
e q u a tio n  (2 2 ) i . e .
—  = A -  B Z 2
3 3 o3where Ar = 4 fT N r  = 2 . 5  ml/mole A . r e p re s e n ts  the
3
i n t r i n s i c  ^ o la r  volume of th e  io n . Nov/ we knov/ th a t  the 
io n s  i n  c r y s t a l s  a re  under g r e a te r  com pressive fo rc e s  than  
th ey  a re  in  s o lu t io n ;  hence i t  i s  ex p ec ted  t h a t  th e  a p p aren t 
i n t r i n s i c  volume o f the  io n s  in  s o lu t io n  shou ld  be l a r g e .
So how f a r  i s  i t  c o r r e c t  to  use  th e  c r y s t a l  ra d iu s  i n  c a lc u l ­
a t in g  the  i n t r i n s i c  volume o f th e  io n  in  so lu tio n ?
R ecen tly  a number of a u th o rs  have t r i e d  v a r io u s  ways 
to  f in d  out th e  c o r r e c t  i n t r i n s i c  volume o f th e  io n s  in  
so l '- 'l io n . H ep ler (56) co n sid e red  th e  io n s  to  be co n ta in ed  
in  s p h e r ic a l  c a v i t i e s  in  th e  w ater and took  the  volumes of 
th e se  c a v i t i e s  to  be p ro p o r t io n a l  to  the  cubes of the c r y s t a l  
r a d i i  o f th e  io n s .  The volumes of th e se  c a v i t i e s  v/ere 
co n sid ered  to  be p o s i t iv e  c o n tr ib u t io n s  to  the  p a r t i a l  m olar 
volumes of th e  io n s . U sing G o ldschm id t's  c r y s t a l  r a d i i  
fo r  io n s  (57) and F a ja n 's  and Jo h n so n 's  (29) assignm ent of 
in d iv id u a l  m olar volumes o f th e  io n s  on th e  b a s is  of the  p ro to n
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volume of 0 .1  m l/mole H e lp le r  found th a t  a l l  o f the  p o s i t iv e
io n s  f i t  an e q u a tio n  o f the  form of the  e q u a tio n  ( 22) w ith
, o "5 o
A = 3 .3  m l/m ole A and B = 4 .?  ml/mole A' . For an io n s  the
v a lu e s  o f A and B a re  4 .6  and 19 r e s p e c t iv e ly .  T h is e q u a tio n
i t s e l f  i s  no t s a t i s f a c to r y  p a r t i c u l a r l y  fo r  p o ly v a le n t io n s .
M ultherjee (58 ) has r e c e n t ly  argued  th a t  fo r  s p h e r ic a l ly  
sym m etrica l io n s  such a s  th e  a l k a l i  m eta l c a t io n s  and th e  
h a lid e  a n io n s  the  p a r t i a l  m olar volumes should  be a smooth 
m onotonie fu n c tio n  of th e  io n ic  c h a rg e . In s te a d  o f the  
custom ary value o f 18. I  m l/m ole f o r  th e  m olar volume o f H 
he used  a  value o f 17*8 m l/m ole a s  g iv en  by R ed lick  and 
P ^ g e le ise n  (59) and the  P au lin g  r a d i i  (6 0 ) in s te a d  of 
Goldsm idt r a d i i .  Now he a ss ig n e d  th e  in d iv id u a l  on 
th e  b a s is  o f th e  va lue  V° fo r  H+ as  -  4 .5  ml/mole so t h a t  
a l l  u n iv a le n t  io n s  ( '-4 = 1 ) f e l l  on th e  same smooth c u rv e , 
and th a t  i t  f i t s  an e q u a tio n  o f th e  form of e q u a tio n  (2 2 ) .
He found the  v a lu e s  fo r  A and B a s  4 .5  and 8 .0  r e s p e c t iv e ly .
He a ls o  found th a t  the  é l e c t r o s t r i c t i o n s  in  th e  c a se s  o f 
d iv a le n t  and t r i v a l e n t  c a t io n s  were about 32-4 and 58-4 
r e s p e c t iv e ly  and a p p a re n tly  independen t o f th e  io n ic  r a d i i .  
Both M ukherjee and H epier found t h i s  a p p aren t i n t r i n s i c  
volume of th e  io n  in  s o lu t io n  a lm ost double in  s iz e  compared 
to  i t s  s iz e  in  the  c r y s t a l .
26
A number o f a u th o rs  have advanced v a rio u s  th e o r ie s
fo r  t h i s  a p p a re n tly  h igh  volume of the  io n  in  s o lu t io n .
Assuming r  / r  = 1 + K a s  c o n s ta n t where r  and r  s  c s c
a re  th e  r a d i i  in  s o lu t io n  and c r y s t a l  r e s p e c t iv e ly  and K 
i s  a c o n s ta n t f a c to r  > Mukherjee tran sfo rm ed  the  e q u a tio n  
( 22) in to
.  = 2.51 r  ^ (1 + K)^ -  B . . .  <25)
V° ^ F ~ r r T  K)d. c
and a r r iv e d  a t  the  value  o f K = 0 .213  which means an 
in c re a s e  of 21^  in  th e  value o f th e  ra d iu é  o f th e  io n  ahd 
c o rre sp o n d in g ly  an  in c re a s e  of in  the  value of the
i n t r i n s i c  volume of the  io n  in  s o lu t io n .
Benson and Copeland (61) have c o rro b o ra te d  M ukherjee 's  
su g g e s tio n  th a t  io n  volumes shou ld  be m onotonie fu n c tio n s  of
th e  c r y s t a l  r a d i i ,  and independen t o f th e  s ig n  of th e  ch a rg e .
By assum ing a sim ple  f r e e  volume model of th e  io n  th ey  
showed th a t  th e  r a d iu s  of an io n  in  e i t h e r  a  s o l id  or a  
s o lu t io n  shou ld  he the  same to  w ith in  0*02 8 of i t s  hard  
sphere  r a d iu s .  The anom alously la rg e  v a lu e s  of th e  i n t r i n s i c  
volumes a re  then  accounted  fo r  very  c lo s e ly  by th e  void 
volume of th e  io n .
Working on th e  f r e e  energy of h y d ra tio n  of aqueous 
io n s  G lueckauf (62) has co n sid ered  t h i s  id e a  of void  space 
c lo se  to  the su rfa c e  of io n  and a ls o  a v a r ia b le  d i e l e c t r i c
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c o n s ta n t n ear th e  io n  and developed an e q u a tio n  fo r  the  f r e e  
energy  of h y d ra tio n  and shown th e  agreem ent w ith  the observed 
d a ta  of h e a ts  and e n tro p ie s  o f th e  h y d ra tio n  of the  aqueous 
io n s .
We have observed  e a r l i e r  t h a t  i t  w i l l  n o t be p ro p er 
to  c o n s id e r  th e  d i e l e c t r i c  c o n s ta n t near the  io n  a s  t h a t  of 
of the  b u lk  medium. H asted (63 -  6 3 ) m easured the  d e p re ss io n  
o f th e  d i e l e c t r i c  c o n s ta n t in  aqueous s o lu t io n s  of e l e c t r o ly te s  
a t  m icro  wave f re q u e n c ie s  and found th a t  n ea r th e  h a lid e  io n s  
th e  w ater had n e a r ly  i t s  normal b u lk  d i e l e c t r i c  c o n s ta n t , but 
n e a r c a t io n s  a number o f w ater m olecu les were ”i r r o t a t i o n a l l y  
bound" so t h a t  th e  o r ie n ta t io n  of t h e i r  perm anent d ip o le s  
cou ld  n o t make t h e i r  normal la rg e  c o n tr ib u t io n  to  th e  
d i e l e d t r i c  c o n s ta n t .  Water in  t h i s  s t a t e  a p p ea rs  to  have a
minimum d i e l e c t r i c  c o n s ta n t of about 5 e s tim a te d  from the 
i n f r a  re d  r e f r a c t iv e  index  and th e  m icro wave d a ta .  Around 
th e  c a t io n s  th e  d i e l e c t r i c  c o n s ta n t r i s e s  from 5 a t  the  
su rfa c e  of the io n  to  i t s  b u lk  value  of 78 a t  a d is ta n c e  of 
one or two m o lecu la r d ia m e te r .
U sing th e  o b se rv a tio n s  of H asted and c o n s id e rin g  the  
com prehensive ta b le s  o f e n e rg ie s  and e n tro p ie s  of h y d ra tio n  
o f io n s  g iv en  by Noyes (66 ) ,  S tokes (6 7 ) gave a model in  which 
the  io n  i t s e l f  i s  a  sphere of th e  c r y s ta l  ra d iu s  and the
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u n iv a le n t  c a t io n s  a re  surrounded  by a la y e r  of 2 .8  8 th ic k n e s s  
in  which th e  e f f e c t iv e  d i e l e c t r i c  c o n s ta n t i s  g iven  by
o fe f  = ^  ( 5  ^ 7s )  = 9 . . .  ( 2 6 )
B iv a le n t and t r i v a l e n t  c a t io n s  a re  taken  to  have two 
such la y e r s  of t o t a l  th ic k n e s s  5*6 8 . Based on t h i s  model 
he accounted  s a t i s f a c t o r i l y  f o r  th e  f r e e  e n e rg ie s  of s o lv a tio n  
of a l l  c a t io n s  of the  noble gas e le c t r o n ic  s t r u c tu r e  u s in g  
th e  c o n v en tio n a l P au lin g  r a d i i  fo r  the  aqueous io n s  and the 
l a r g e r  v a lu e s  of th e  r a d i i  in  case of th e  i s o la t e d  io n s  in
t
vacuo deduced from the Van de r VJad.ls r a d i i  o f th e  noble gas 
atom s.
From th e  above c o n s id e ra tio n s  i t  a p p ea rs  t h a t  i t  i s  
d i f f i c u l t  to  a r r iv e  a t  th e  c o r r e c t  v a lu e s  of the  i n t r i n s i c  
volumes o f th e  io n s  in  s o lu t io n  because of the  la c k  of 
p ro p er v a lu e s  of th e  r a d i i  o f the  io n s  and th a t  the é l e c t r o ­
s t r i c t i o n  i s  a ls o  a f f e c te d  by the  change o f the  d i e l e c t r i c  
c o n s ta n t o f th e  b u lk  medium n ear the  io n s .  M oreover, the  
m olar volumes o f the  io n s  have been computed from the m olar 
volumes of the  e l e c t r o l y te s  a s s ig n in g  a r b i t r a r i l y  a p a r t i ­
c u la r  value of m olar volume to  and ap p ly in g  the  a d d i t i v i t y  
law . So th e  c o r r e c t  com putation  o f the  value  o f the  m olar 
volumes o f th e  io n s  depends much on the c o r r e c t  assignm ent 
to  the  value of Above a l l  the  v a lu es  o f the  m olar
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volumes of th e  e l e c t r o l y te s  a t  i n f i n i t e  d i lu t io n  must be 
above q u e s tio n . U n fo rtu n a te ly , s in c e  th e se  have been
computed by long e x tr a p o la t io n  from the  r e l a t i o n  of —
%and C in  th e  h ig h  c o n c e n tra tio n  range th e se  v a lu es  
a re  no t above q u e s tio n . So th e re  i s  a g re a t  need to  
m easure th e  d e n s i ty  to  a very  h ig h  accu racy  in  the  very  low 
c o n c e n tra tio n  range in  o rd e r  to  determ ine th e  m olar volumes 
o f e l e c t r o ly te s  w ith o u t ta k in g  rec o u rse  to  long e x t r a ­
p o la t io n .
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CHAPTER I I  
EXPERIMENTAL WORK.
2 .1 .  I n t r o d u c t io n
Of a l l  the  s p e c i f i c  p r o p e r t i e s  of l i q u i d s  the  d e n s i ty  
of the  l i q u i d s  i s  w e ll  d e f in e d  and a c c u ra te ly  m easurable 
q u a n t i ty .  I t  can e a s i l y  and w ith  r e l a t i v e  accu racy  be 
determ ined by weighing a known volume of the  l i q u i d .  I t  
can a l s o  be determ ined by comparing the weight of a g iven  
volume of the  l i q u i d  w ith  the weight of the same volume of 
known or s ta n d a rd  l i q u i d .  There a re  v a r io u s  p r a c t i c a l  
methods f o r  the  d e te rm in a t io n  of the  d e n s i ty  of the  l i q u i d s .
2 .2 .  Spe c i f i c  G ra v ity  B o t t l e s .
The s p e c i f i c  g r a v i t y  b o t t l e s  a re  easy  to  handle and 
f r e q u e n t ly  used f o r  o rd in a ry  p u rp o ses .  There a re  v a r io u s  
typ es  of the s p e c i f i c  g r a v i t y  b o t t l e s  a v a i l a b l e .  Weld (6 8 ) 
dev ised  a b o t t l e  w ith  a p e r fo r a te d  s to p p e r ,  which improved 
upon the old b o t t l e s  by R egnau lt.  But t h i s  has  th e  d i s ­
advantage t h a t  i t  cannot be used i f  the  ba lance  case 
tem pera tu re  i s  h ig h e r  th an  the  f i l l i n g  te m p era tu re ,  o th e r ­
wise i t  i s  an a c c u ra te  form p rov ided  the neck i s  not too 
t h in  i n  the  w a ll  and the  s to p p e r  i s  not too  c y l i n d r i c a l  and 
i s  no t g re a se d .  B irk  (6 9 ) dev ised  a b o t t l e  w ith a long and
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rounded neck to  make i t  s u i t a b l e  to  use i t  w ith  mercury and 
s o l i d s .  Johnson and Adam (70) used a f l a t  s to p p e r  g l id in g  on 
a ground f lan g e  to  d e f in e  the  l i q u i d  volume.
2 .3 '  The Pyknometers
The pyknoraeter was in v en ted  by S p r in g e l  (71) and 
m odified  by Ostwald (7 2 ) ,  P e rk in s  (7 3 ) ,  B o u sf ie ld  (74) and 
many o th e r s .  T h is  i s  a p iec e  of a p p a ra tu s  which g iv e s  
nnn-t-e h igh  a cc u ra c y .  The la rg e  s i z e  (200 ml) used  by 
Tammann (75) and by B o u sf ie ld  (74) has acco rd ing  to  
H a r t le y  and B a r re t  (76 ) no advantage i n  accuracy  over the 
25 ml form norm ally  u sed .  Manley (7 7 ) ,  Wade and Merriman 
(7 8 ) ,  Cohen and B uij  (79) and B atnecas and Casado ( 80 ) 
d e sc r ib e d  p r e c i s io n  m easurements.
In fo rm a tio n  i s  a v a i la b le  on the  d es ig n  of pyknometer 
bulb (81 ),  m eniscus c o r r e c t io n  (8 2 ) , e r r o r s  due to  change of 
volume of the  bu lb  w ith  time (83 ),  pyknometers fo r  use w ith  
sy rups ( 8 4 ) ,m icro pyknometer (85 ), vapour ja c k e te d  (8 6 ) ,  and 
vacuum ja c k e te d  ( 87) pyknom eters, forms and p e r f o r a te d  
s to p p e rs  l i k e  s p e c i f i c  g r a v i ty  b o t t l e s  (88) ,  w ith  g radu a ted  
necks and to p s  (8 9 ), d i f f e r e n t i a l  pyknometers (9 0 ), forms 
f o r  use w ith  low m elt in g  p o in t  s a l t s  (91) ,  m eta l forms fo r  
use w ith  l i q u i f i e d  gases  under p re s su re  (9 2 ), and methods 
of f i l l i n g  w ith  e x c lu s io n  of a i r  (9 3 ) .  The weight p i p e t t e
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(94) may be reg a rd ed  a s  a m o d if ic a t io n  of the  pyknometer.
A tw in  pyknometer (95) method w ith s p e c i f i c  g r a v i t y  b o t t l e s  
g iv in g  an accu racy  of 1 i n  10^ has  been d e v is e d .  The use 
o f a b o t t l e  w ith  two g rad u a ted  c a p i l l a r y  necks based on the  
S p r in g e l  b i c a p i l l a r y  pyknometer (9&) g iv es  an accu racy  of 
5 in  10^. In  ve ry  a c c u ra te  work a c o r r e c t io n  fo r  the weight 
of the  vapouh in  the  u n f i l l e d  neck should be a p p l ie d  (97 ) .
2 .4 .  The D ila to m e te rs
The d i la to m e te r  (98 ) c o n s i s t s  of a bulb w ith  a 
c a p i l l a r y  stem on which s e v e ra l  sm a lle r  bu lb s  connected by 
g rad u a ted  c a p i l l a r y  tu b es  a re  blown. The o th e r  stem i s  a 
v e r t i c a l  c a p i l l a r y  tube ending a t  the  top  i n  an a c c u ra te ly  
ground neck c lo sed  by a ground g l a s s  p l a t e  p re s se d  t i g h t  by a 
b ra s s  screw and secu red  in  a b ra s s  c o l l a r .  The volumes of 
the  bu lb s  and the  tu bes  must be a c c u r a te ly  known a s  w e ll  as 
the  c o e f f i c i e n t  of expansion  of the  g l a s s .  At d i f f e r e n t  
tem p era tu re s  the l i q u i d  meniscus can be brought i n to  one of 
the  c a p i l l a r y  p o r t io n s  between the b u lb s .  The whole 
a p p a ra tu s  i s  immersed in  a th e rm o s ta t .  A c o n s ta n t  mass o f  
l i q u i d  i s  used and the  volumes a t  d i f f e r e n t  tem p era tu re s  
can be found.
2 . 5 . Method of Balancing  Columns
The method of b a la n c in g  columns w ith  two l i q u i d s  of
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which one of known d e n s i ty  con ta in ed  in  a U -  tube i s
s u i t a b l e  only  f o r  im m iscib le  l i q u i d s ,  but the m o d if ic a t io n
used in  H a re 's  a p p a ra tu s  can be used fo r  m isc ib le  l i q u i d s .
In  a n o th e r  method (99) the  s o lu t io n  and the  r e fe re n c e
l i q u i d  ( a i r  f r e e  c o n d u c t iv i ty  w ater)  a re  p laced  in  two
v e r t i c a l  tu b es  connected  a t  the  bottom and near  the top
by v a lv e s .  F i r s t  a llow ing  the  upper va lv es  to  open fo r
e q u il ib r iu m  and then  opening the  lower v a lv es  i t  i s  found
t h a t  the  flow occurs i f  the  s o lu t io n  d i f f e r s  from the
re fe re n c e  l i q u i d  i n  s p e c i f i c  g r a v i t y .  By measuring the
drop o f  th e  l i q u i d  l e v e l  u s ing  a b e a t  frequency  o s c i l l a t o r
-8and a m icrom eter the  d e n s i ty  change i n  th e  o rd er  of 10 
has  been observed .
2 .6 .  Method of Archimedes
The method of Archimedes depends on th e  p r in c ip le  
t h a t  th e  l o s s  in  w eigh t of a s o l id  s in k e r  when immersed in  
a l i q u i d  i s  equ a l  to  the  weight of the l i q u i d  d i s p la c e d .
I f  the  asame s o l i d  i s  weighed in  two l i q u i d s  the lo s s e s  i n  
weight a re  i n  the  r a t i o  of t h e i r  d e n s i t i e s .  The main 
source of e r r o r  i n  t h i s  method i s  the  adhesion  of l i q u i d  
to  the  s in k e r  su sp en s io n .  Kohlrausch (100) used a very  
f in e  p l a t i n i s e d  p la tinum  wire as  su spens io n  and tak in g  
utmost care  to  p rev e n t  the  fo rm ation  of a i r  bubb les  on the
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s in k e r  he reached  an accu racy  1 i n  5 x 10^ . Although 
the  o r i g in a l  Archimedes method i s  sometimes c a l l e d  the  
method of the  h y d r o s t a t i c  ba lance  t h i s  name i s  now u s u a l ly  
a p p l ie d  to  the s p e c ia l  ba lance  dev ised  by Hare (101) and 
l a t e r  by Mohr (102) and improved by Westphal and o th e r s  (103). 
I t  i s  easy  to  use and capable  of g iv in g  up to  4 th  decimal 
a ccu racy .  A m o d if ic a t io n  (104) of the  Archimedes method i s  
the submersed f l o a t  method, in  which the  f l o a t  i s  t o t a l l y  
immersed i n  th e  l i q u i d  and th en  the tem pera ture  i s  a l t e r e d  
u n t i l  the  f l o a t  j u s t  swims f r e e  while s t i l l  com plete ly  
izm orsed . A m icro f l& a t (105) method can be used w ith  
sm all  q u a n t i t i e s  of l i q u i d .  In  an o th e r  m o d if ic a t io n  ( 106) 
a s in k e r  o f known s p e c i f i c  g r a v i ty  was employed and d i s t i l l e d  
w ater added to  the s o lu t io n  under i n v e s t i g a t i o n  u n t i l  the  
s in k e r  hovered in  the  body of the l i q u i d ,  y e t  i n  a n o th e r  
method, t h i s  f l o a t in g  e q u il ib r iu m  was a t t a i n e d  by th e  
a d d i t io n  of p la tinum  w eights  to  the  s in k e r .  In  t h i s  way 
an accu racy  of 1 i n  10^ was reach ed .
2o7. Magnetic F lo a t  Method
Although a h igh  degree o f  accu racy  i n  measuring 
d e n s i ty  has been ach ieved  by the  Sprengel pyknometer method, 
the  Kohlrausch d isp lacem en t method, and the P i s a n t i  and 
Reggiani submerged s in k e r  method i t  i s  no t s u f f i c i e n t l y  h igh
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f o r  our pu rpose .
The pyknometer method has th re e  fundam ental draw­
backs fo r  measurements of h ig h e r  a ccu racy .  In  the f i r s t  
p la c e ,  i t  i s  d i f f i c u l t  to  secure  a c o n s ta n t  and d e f i n i t e  
tem pera tu re  in s id e  a c o n s id e ra b le  volume of u n s t i r r e d  l i q u i d .  
This d i f f i c u l t y  could  be le s se n e d  by use of some i n t e r n a l  
e le c tro m a g n e tic  s t i r r i n g  d e v ic e ,  but t h i s  would in  tu rn  
in tro d u c e  s e v e r a l  new d i f f i c u l t i e s  and the m an ip u la t io n  
would c e r t a i n l y  no t be s im p le . Secondly, the  g l a s s  v e s s e l s  
a re  always d i f f i c u l t  to  weigh w ith  the  utm ost accuracy  
because of the  v a r i a t i o n  in  the  hum idity  on t h e i r  s u r f a c e s .  
T h ird ly ,  the  pyknometer w ith  i t s  c o n te n ts  p u ts  a co n s id e ra b le  
load  upon the  ba lance  arm and so reduces  the  s e n s i t i v i t y  of 
the b a la n c e .  A ll  th ese  un favourab le  e f f e c t s  in c re a s e  w ith  
the  in c r e a s in g  s i z e  of the  pyknometer, so t h a t  i t  i s  u s e le s s  
to  a ttem p t to  in c re a s e  the  accuracy  by in c r e a s in g  i n d e f i n i t e l y  
the  volume of the  pyknometer.
In  d isp lacem en t methods th ese  th re e  drawbacks a re  
avoided as  the l i q u i d  i s  o u ts id e  and i s  e a s i l y  s t i r r e d .
The submersed g l a s s  f l o a t  com ple te ly  surrounded by the  l iq u id  
a t  c o n s ta n t  tem p era tu re  must soon rea ch  a p e r f e c t l y  d e f i n i t e  
su r fa c e  c o n d i t io n  and f i n a l l y  most of the  weight of the 
f l o a t  i s  n e u t r a l i z e d  by th e  buoyant e f f e c t  of the  l iq u i d  and
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the  s e n s i t i v i t y  o f th e  b a lance  i s  q u i te  h ig h .  U n fo r tu n a te ly  
a f r e s h  d i f f i c u l t y  a r i s e s  dueto  the su rfa ce  t e n s io n  e f f e c t  
of the  su spens ion  w ire .  T his su r fa c e  t e n s io n  e f f e c t  i s  
l a rg e  and i r r e g u l a r .  By u sing  p l a t i n i z e d  p la tinum  suspens ion  
wire t h i s  e f f e c t  can be reduced bu t cannot be com plete ly  
avo ided .
The submersed s in k e r  method i s  e v id e n t ly  and i n t r i n -  
" ^ " ^ l ly  s u p e r io r  to  the d isp lacem ent method; bu t i t s  main 
drawback l i e s  i n  the  d i f f i c u l t y  of vary ing  the buoyancy of 
the  s in k e r  by sm all amounts e i t h e r  by changing the tem per­
a tu re  or the  w e ig h ts .  I f  by some im m a te r ia l ,  e a s i l y  v a r ia b le  
and e a s i l y  m easurable e x te r n a l  fo rce  the  d isp lacem en ts  of 
the  s in k e r  a re  c o n t r o l le d  i n  a v e r t i c a l  d i r e c t i o n  thus  
f u l f i l l i n g  the  fu n c t io n  of added w e ig h ts .  This w i l l  be 
a lm ost i d e a l l y  s u i t a b l e  method. In  1913 Lamb and Lee 
( ic y )  dev ised  a method c a l le d  m agnetic f l o a t  method to  
ach ieve  e x a c t ly  t h i s  pu rpose . They enc losed  a p iece  of 
s o f t  i r o n  in  the  bu lb  of the  s in k e r  and by means of an 
e l e c t r i c  c u r r e n t  passed  through a c o i l  s u i t a b l y  p laced  
o u ts id e .  They could  e x e r t  an e le c tro m ag n e tic  a t t r a c t i o n  
in  a v e r t i c a l  d i r e c t i o n .
Follow ing the id ea  of Lamb and Lee Geffcken, Beckmann 
and K ruis ( 108) p laced  a permanent magnet in s id e  the  f l o a t
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'.nstead of s o f t  i r o n  which caused t r o u b le s  in  th e  a c c u ra te  
re a d in g  of the  c u r r e n t  due to  h y s t e r e s i s .  But they  came 
a c ro s s  the  d i f f i c u l t y  to  determ ine the  e x ac t  c u r r e n t  a t  
which the  weight of th e  f l o a t  i s  ba lanced  in  such a way t h a t  
i t  w i l l  n e i t h e r  r i s e  or f a l l .  Maclnnes, Dayhoff and Ray 
( 109) improved upon t h i s  by n o tin g  th e  r a t e  of r i s e  a g a in s t  
c u r r e n t  and from th e re  by e x t r a p o la t io n  they  c a lc u la te d  the 
value  of the  c u r r e n t  a t  which the f l o a t  would n e i th e r  r i s e  
or f a l l .  Though th e se  methods a re  s u p e r io r  to  a l l  o th e r  
methods they  could  not rea ch  the  accuracy  b e t t e r  than  1 in
i o f .
Our purpose was to  reach  an in c rem en ta l  d e n s i ty
g
s e n s i t i v i t y  of 1 i n  10 fo r  aqueous s o l u t io n s .  We chose 
the  m agnetic  t o t a l l y  immersed s in k e r  method because of i t s  
in h e re n t  ad v an tages , and we improved on the d es ig n  of 
p rev io u s  workers i n  a number of ways which fo llo w s i n  d e t a i l  
l a t e r .  One s e r io u s  d e fe c t  of o th e r  d e s ig n s  was t h a t  the 
t e s t  l i q u i d  was no t allow ed to  f i l l  the t e s t  v e s s e l  com­
p l e t e l y .  As a r e s u l t ,  a f re e  su r fa c e  ( l i q u i d / a i r )  e x is te d  
so t h a t  the  l i q u i d  v;as ab le  to  s a t u r a t e  i t s e l f  w ith  a i r .
As a r e s u l t  of our improvements the  s e n s i t i v i t i e s  of the 
techn ique  was advanced by a f a c to r  of 100.
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2 .8 .  D e sc r ip t io n  of the Apparatus
The a p p a ra tu s  was .made' from pyrex g la s s  tu b in g ,'
Perspex  sh e e t  .and b r a s s .  The e s s e n t i a l  f e a tu r e s  of i t s  
c o n s t r u c t io n  and i t s  g e n e ra l  l a y o u t •can be g a th e red  from 
F ig .  1.
T h e - g l a s s . t e s t  v e s s e l .h a s  0 ,7 5  cm t h ic k  w a l ls  and 
h e ld  1807 ml of l i q u i d .  I t  accommodated th e  hydrometer so 
t h a t  the  l a t t e r  had about 1 .0  cm of f r e e  movement i n  the 
v e r t i c a l  d i r e c t i o n .  On the  f lo o r ,  of the  v e s s e l  (see  F i g . 1 )- 
im m edia te ly  below th e  hydrom eter, a perspex  cup was f ix e d  
to  lo c a te  the  hydrom eter between measurements. The l i d  o f 
the v e s s e l  c o n s is te d  of a t h ic k  perspex  p l a t e ,  d ished  on 
i t s  under su rfa ce  so t h a t  i t  would not r e t a i n  a i r  b u b b les .
The top  of the  hydrom eter p ro tru d ed  through a hole  i n  the 
l i d  and i n to  a viewing chamber mounted i n t e g r a l l y  with the 
l i d .  One s id e  of the  viewing chamber was p lane  to  f a c ­
i l i t a t e  the  o b se rv a t io n  of th e  t i p  of the  hydrom eter. A 
c o i l  of copper w ire ,  com ple te ly  in c a p s u la te d  i n  a w a t e r ­
t i g h t  c y l i n d r i c a l  b ra s s  box, was mounted above and c o a x ia l ly  
w ith  the viewing chamber (see  F i g . l ) .
The t e s t  v e s s e l  r e s t e d  on th re e  l e v e l l i n g  screw s 
in s id e  a b ra s s  tank  of 30 l i t r e  c a p a c i ty .  In  tu r n ,  the 
b ra s s  tank  a ls o  r e s t e d  on th re e  l e v e l l i n g  screws on a v ib r a t io n
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P ig .1 .  D iag ram atic  View o f  T es t V e ss l w ith  Hydrom eter.
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p ro o f  r i g i d  s tone  t a b le  o r i g i n a l l y  made f o r  a seizmograph. 
Two g la s s  windows, one on the s id e  w a ll  and the o th e r  i n  
the f r o n t  w a l l ,  were p rovided  in  the  tank  fo r  the purpose 
of i l l u m in a t io n  of the  t i p  of the  hydrometer and the 
o b se rv a t io n  by a m icroscope r e s p e c t iv e ly .
2.9'- The Hydrometer
The c o n s t ru c t io n  of the hydrom eter needed s p e c ia l  
a t t e n t i o n  as  the  p r e c i s io n  of the in s tru m en t  depended much 
on i t .  I t  was made from pyrex g la s s  tub in g  and had a
d iam ete r  of 6 .9  cm and a h e ig h t  o f 23 cm. (See F i g . 2)
A c y l i n d r i c a l  magnet of 7*3 cm le n g th ,  m agnetic moment about 
3000 c g s u n i t s  and made from T icon a l was p laced  c o a x ia l ly  
in s id e  the  hydrom eter. The volume of th e  hydrom eter was 
524.5  ml a t  30^c and i t s  mass when s u i t a b l y  b a l l a s t e d  w ith
mercury and p la tinum  was 523*01 gms. Fine ad ju s tm en ts  to
i t s  o p e ra t io n a l  mass i n  a g iven  s o lu t io n  were made by 
adding c o i l s  o f  p la tinum  wire to  the upper end of the 
hydrom eter as  shown in  F ig .  2. The mass of the  p la tinum  to  
be used was determ ined by p la c in g  the  in s tru m en t i n  a 
s o lu t io n  the  d e n s i ty  of which was s l i g h t l y  g r e a t e r  than  the  
g r e a t e s t  d e n s i ty  contem plated in  the i n v e s t i g a t i o n .  The 
pla tinum  was then  added u n t i l  th e  hydrom eter j u s t  sank .
The o b je c t  of th e  d es ig n  v/as to  to  produce an
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in s t ru m e n t  w ith  a f a i r l y  sm a ll  m e ta - c e n t r i c  h e ig h t .  T h is  
p e rm i t te d  easy  h o r i z o n t a l  d isp lacem en t o f  the  t i p  of the  
in s t ru m e n t  i n  the r a d i a l  component o f th e  r e t a i n i n g  m agnetic  
f i e l d ,  th u s  d r iv in g  t h i s  p a r t  o f  th e  hydrom eter to  the  same 
p o s i t i o n  i n  th e  t e s t  chamber when c r i t i c a l  c o n d i t io n s  were 
a c h ie v e d .
2 .1 0 .  E xperim en ta l  P ro ced u re .
The w ater u sed  i n  th e  t e s t  v e s s e l  was c a r e f u l l y  
d i s t i l l e d  and d e io n iz e d  and b o i le d  to  remove d is s o lv e d  g a s e s .  
The t e s t  v e s s e l  was f i l l e d  co m p le te ly ,  the  hydrom eter was 
in t ro d u c e d  i n t o  i t  and th en  th e  v e s s e l  was s e a le d  o f f  
e n su r in g  t h a t  no a i r  bu bb les  were l e f t  i n s i d e .  The v e s s e l  
was p la c e d  in s id e  the  ta n k  a t  a  p re - a s s ig n e d  p o s i t i o n  and 
c a r e f u l l y  l e v e l l e d  i n  such a way t h a t  when th e  hydrom eter 
was up under the  p u l l  of th e  e le c t ro m a g n e t ic  f i e l d  i t  was 
suspended f r e e l y  and v e r t i c a l l y  w ith  i t s  upper t i p  a g a in s t  
the  h o r i z o n t a l  p e rsp ex  s t r i p  (See F ig .1 )  and when th e  c u r r e n t  
i n  th e  c o i l  was reduced  i t  f e l l  f r e e l y  and v e r t i c a l l y  i n to  
the  c e n tre  of the base cup. Once t h i s  c o n d i t io n  was reached  
th e  v e s s e l  was secu red  f i rm ly  to  th e  tan k  base w ith  screw - 
c l i p s .  The ta n k  was f i l l e d  up w ith  w ater and th e  tem p era tu re  
was r a i s e d  to  n ear  30%  by u s in g  a b o o s te r  h e a t e r .
The f i n a l  tem p era tu re  was r e g u la te d  to  30°c by th e  th e rm o s ta t
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sys tem . Normally a  p e r io d  of 24 hours  was a llow ed f o r  the 
system to  re a c h  s t a b i l i t y .
When a s u f f i c i e n t l y  la r g e  c u r r e n t  was p assed  th rough  
the  c o i l ,  the  m agnetic  fo rc e  a c t in g  on th e  magnet w i th in  
th e  hydrom eter was enough to  l i f t  the  l a t t e r  u n t i l  i t s  t i p  
made c o n ta c t  w ith  th e  p lane  h o r i z o n t a l  s u r fa c e  of the  pe rsp ex  
s t r i p  l o c a te d  w i th in  th e  view ing chamber. When i n  t h i s  
p o s i t i o n ,  the  t i p  could  be i l lu m in a te d  from the  s id e  by an 
e x t e r n a l  l i g h t  so u rce  and viewed th rough  the  p lane  face  of 
th e  v iew ing  chamber u s in g  a s p e c i a l l y  mounted m icroscope .
When th e  c o i l  c u r r e n t  was reduced  to  a value  l e s s  th an  a 
c r i t i c a l  va lue  depending on th e  d e n s i ty  of th e  l i q u i d ,  the 
hydrom eter f e l l  away from the  p o s i t i o n  i n  which i t  made 
c o n ta c t  w ith  the  h o r i z o n t a l  su r f a c e  i n  the  viewing chamber.
As th e  c u r r e n t  was s low ly  reduced to  the c r i t i c a l  v a lu e ,  the 
hydrom eter a lw ays moved to  th e  same p o in t  i n  th e  f i e l d  of 
view of th e  m icroscope b e fo re  f a l l i n g  away. F u rtherm ore , 
th e  same su r fa c e  of th e  hydrom eter was always p re s e n te d  to  
the  o b se rv e r  a t  th e  c r i t i c a l  c o n d i t io n .  These very  
d e s i r a b l e  p r o p e r t i e s  a ro se  from the  f a c t  t h a t  a long s t ro n g  
magnet was used  i n  the  c o n s t r u c t io n ,  p o s i t io n e d  so t h a t  the 
e f f e c t i v e  c o il-m a g n e t  i n t e r a c t i o n  was e s s e n t i a l l y  th e  i n t e r ­
a c t io n  between a  c o i l  and a s in g le  m agnetic  p o le ,  and th e
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and the  magnet and b a l l a s t  d i s t r i b u t i o n  gave r i s e  to  a sm all  
meta c e n t r i c  h e ig h t  a s  m entioned abo ve . Hence a s  the  normal 
r e a c t i o n  between the  hydrom eter t i p  and the  p lane  s u r fa c e  
was red u ced , the  h o r i z o n t a l  components of the  c o i l  f i e l d  
moved the  hydrom eter a c c u r a t e ly  to  th e  m agnetic  a x i s  of the 
sys tem . The e f f e c t  o f the  e a r t h ’s  m agnetic  f i e l d  was to  
produce the  con s tancy  of o r i e n t a t i o n  of th e  hydrom eter a s  
th e  c u r r e n t  approached the  c r i t i c a l  v a lu e . I t  should  be 
no ted  t h a t  t h i s  b eh av iou r  was d e l i b e r a t e l y  b rough t about by 
th e  d e s ig n ,  and c o n s t i t u t e s  a very  marked advance on a l l  
p re v io u s  d e s ig n s  of t o t a l  immersion hyd rom ete rs .
Measurements c o n s i s te d  of r e c o rd in g  the c u r r e n t  in  
th e  c o i l  a t  the  i n s t a n t  when the hydrom eter sank . T his 
p rocedu re  was re p e a te d  f o r  d i f f e r e n t  c o n c e n t r a t io n s  of s a l t ,  
th e  changes i n  c o n c e n t r a t io n  be ing  produced by i n j e c t i n g  
a c c u r a t e l y  measured q u a n t i t i e s  of c o n c e n tra te d  s o l u t io n  i n to  
the  t e s t  v e s s e l  th rou gh  a l e n g th  of c a p i l l a r y  po ly th ene  
t u b in g , u s in g  a hypodermic s y r i n g e .
The c r i t i c a l  c u r r e n t  fo r  each c o n c e n t r a t io n  was 
de te rm ined  by m easuring  the  p o t e n t i a l  d i f f e r e n c e  a c ro s s  a 
5 ohm r e s i s t o r  i n  s e r i e s  w ith  the  c o i l  u s in g  a p r e c i s io n  
v e r n i e r  p o te n t io m e te r .  T h is  measurement was a c c u ra te  to  
one p a r t  i n  10 . The 5 ohm r e s i s t o r ,  t o g e th e r  w ith  the
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s ta n d a rd  c e l l  used  to  s t a n d a r i z e  the  p o te n t io m e te r ,  were 
bo th  lo c a te d  i n  a th e rm o s ta t ic  e n c lo s u re .
The c u r r e n t  c o n t r o l l e r  was a s p e c i a l l y  made shun t 
connected  r e s i s t a n c e  box su p p l ie d  by Croydon P r e c i s io n  
In s t ru m e n t  Company L im ited , who a l s o  s u p p l ie d  the  v e r n ie r  
p o t e n t io m e te r .
2 .1 1 .  The S t a b i l i t y  o~^  Temnerature
At a  tem p era tu re  of 3 0 ° c . ,  a tem p era tu re  change of 
-5
the  o rd e r  5 x 10 oc w i l l  produce a d e n s i ty  change i n  w ater
8 8 of the  o rd e r  10 gm/ml. In  th e  p re s e n t  work 10 gm/ml
was re g a rd e d  a s  the  l i m i t i n g  s e n s i t i v i t y  of the  te c h n iq u e .
The n e c e s sa ry  degree  of tem p era tu re  s t a b i l i z a t i o n  was
o b ta in e d  u s i^ g  a t r i p l e  system of the  th e r m o s ta t s .  F i r s t l y ,
th e  l a b o r a to r y  was m a in ta in ed  a t  a tem p era tu re  o f  22-  1° c . ,
u s in g  a fan  h e a t e r  and a b i m e t a l l i c  th e r m o s ta t .  Secondly ,
a n o th e r  th e rm o s ta t  was housed w i th in  a c a b in e t  made of
h e a t  i n s u l a t i o n  b o a rd .  T h is  c a b in e t  was m a in ta in ed  a t  a
tem p era tu re  of 28^ . 05° c ,  u s in g  a 200 w a tt  h e a t e r  w ith  a
c i r c u l a t i n g  f a n ,  the  h e a t e r  c o n t r o l le d  by a m ercury  to lu e n e
r e g u l a to r  of 200 ml c a p a c i ty  ( F i g .3 ) .  T h ird ly ,  the main
th e rm o s ta t  c o n s i s te d  of a s o l i d l y  c o n s t ru c te d  w ater  f i l l e d
b r a s s  tan k  mounted on m assive l e v e l l i n g  screw s r e s t i n g  on a
r i g i d  s to n e  t a b l e  o r i g i n a l l y  made f o r  a s e iz in o g ra p h .  The
O
CM
-P
Üu•mo
H
2
-PF:Oo
-pcd
-PCO
g0)jc:
-p
Xo
pq
hO
•H
4 7
O
Oo\
o
<?=■
o
o
•p
üu
•HO
r4
g
-Pno
ü
p>0
pcoo
0)
p
•Hg3
%
“ti5
•H
48
fo u n d a t io n s  of the  t a b le  were q u i te  independent of the  
s t r u c t u r e  o f the l a b o r a to r y .  The t h ic k  w a l l  and g l a s s  
t e s t  v e s s e l  c o n ta in in g  the  hydrom eter was mounted in s id e  
th e  t a n k .  The tem pera tu re  of the  tank  was c o n t r o l le d  by a 
500 ml mercury to lu en e  r e g u la to r  equipped w ith  a Sunvic 
p ro p o r t io n a t in g  head ( F i g .4 ) .  A l l  s u r fa c e s  of the tan k ,  
in c lu d in g  the  l i d  were i n s u l a t e d  w ith  2 in ch  t h ic k  p a n e ls  
of expanded p o ly s ty re n e .  To ensure  the  r e l i a b l e  o p e ra t io n  
of the t o lu e r e  r e g u l a to r s ,  the  c u r r e n t s  ta k e n  by t h e i r
_7
c o n ta c t s  were reduced to  l e s s  th an  10 amp.
2 .1 2 .  or y o1^ Method
The m agnetic  fo rce  co rrespond ing  to  a c r i t i c a l  c u r r e n t  
must e q u a l  the  d i f f e r e n c e  i n  the  w eigh ts  of the hydrom eter 
and the  volume of th e  l i q u i d  which i t  d i s p l a c e s ,  th u s
■J Z Z  ' 4
Where f  i s  an a p p a ra tu s  c o n s ta n t ,  i ^  i s  th e  c r i t i c a l  
c u r r e n t  co rre spo nd ing  to  a s o lu t io n  of d e n s i ty  d^, Wh i s  
the  o p e ra t io n a l  w eight of the  hydrom eter, ' i t s  volume 
and g the g r a v i t a t i o n a l  i n t e n s i t y .
I f  i  i s  the  c r i t i c a l  c u r r e n t  f o r  a l i q u i d  of d e n s i ty  
d, i t  fo l lo w s  t h a t
(j -  d,, = f ( i  -  • ••  *^ 2)O '*
Since i  was deduced from the p o t e n t i a l  d i f f e r e n c e
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a c r o s s  a 5 ohm r e s i s t o r ,  i t  fo l lo w s  t h a t
a  -  dg  = r ( v p - v ) / 5 s V  • • •
I t  was found t h a t  w.ien the  hydrom eter was loaded  w ith
0 ,2317  gm of p la t in um  w ire ,  the  v o l ta g e  change r e q u i r e d  to  
r e s t o r e  e q u i l ib r iu m  was 0 ,3301? "Volt, Using t h i s  in fo rm a­
t i o n  to g e th e r  w ith  th e  volume and mass of th e  hydrom eter 
and th e  d e n s i ty  of th e  p la tinum  which was ta k e n  to  be 
21 .428 gm/ml, th e  c o e f f i c i e n t  of (v ^ -  v ) i n  e q u a t io n
(3) was d e te rm in ed . E qua tion  (3) may th u s  be w r i t t e n
d - d  = 1.1080 X 10”^ ( V -  v) . . .  (4)o o
2 .1 3 » Effect of Temperature
An experim en t v/as c a r r i e d  o u t t o  i n v e s t i g a t e  the  
v a r i a t i o n  of ba lan ce  v o l ta g e  w ith  tem p era tu re  over a 
tem p era tu re  i n t e r v a l  of 0 ,0 3 ° c .  The tem p era tu re  increm ent 
( ta k e n  n ea r  30°c) was m onito red  u s in g  a Beckmann therm om eter, 
and th e  r e s u l t s  a re  shown i n  F ig .  3« and Table I ,  The 
s lo p e  of t h i s  g raph i s  0 .245  v o l t  p e r  degree c . ,  and i t
-8fo l lo w s  from e q u a t io n  (4) t h a t  a change i n  d e n s i ty  of 10 
gm/ml co rre sp o n d s  to  a tem p era tu re  increm ent o f 4 x 10 ^ ° c .
D i r e c t  measurement of such sm a ll  tem p era tu re  
in c rem en ts  i s  very  d i f f i c u l t , bu t .the hydrom eter i t s e l f  i s  
q u i te  capab le  of se n s in g  changes i n  tem p era tu re  o f  t h i s  
o r d e r .  P r o t r a c t e d  experim en ts  i n  which the  c r i t i c a l
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TABLE I
E f f e c t  of Temperature V a r ia t io n  on D ensity  a t  30°c.
Tempt.Change 
i n  GO 0.3540 0.3600 0.3640 0.3680 0.3720 0.3780
Balance
v o l ta g e 1.33627 1.33770 1.33885 1.33980 1.34065 1.34210
(d -d )  xIO^ 
gm^ml
0 1 .58 2.86 3.91 4.85 6 .46
TABLE I I
E f f e c t  o f  P re s s u re  V a r ia t io n  on D ensity  a t  50°c.
-
Press .C hange  
i n  Cm.Hg. 0 3 5 7 9 11
Balance
v o l ta g e 1.34040 1.34034 1,34030 1.34026 1 .34021 1.34019
(d -d  ) X 10^ 0 0 .07 0.11 0 .16 0.21 0 .2 3
1.34300 r
1.34100
1.33900
©
-pH
g
0Ü
J  1.33700 
«
1.33500
0 . 3 5  ,  '  0.36  0 . 3 7
Change o f  tem p era tu re  i n  .dag. C. a t  30°C 
F i g . 5 . The e f f e c t  o f  tem pera tu re  change.
0 .3 8
1.34060 f
1.34040
0
 ^1.34020
>
0Ü
§
^  1.34000
Ph 8 A20 4
Change o f  p re s s u re  i n  cm o f  Hg a t  atmos. p r e s s .
F ig .  6 . The e f f e c t  o f  p re s su re  change
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v o l ta g e  was reco rded  over p e r io d s  of twelve hours , in d ic a te d  
t h a t  th e  tem pera tu re  w ith in  the t e s t  v e sse l  was being he ld  
c o n s ta n t  to  t h i s  degree of s t a b i l i t y .  C le a r ly  the  t h ic k  
w a l ls  of che v e s s e l  were in tro d u c in g  a smoothing e f f e c t  on 
the  sm a ll  tem pera tu re  v a r i a t i o n s  tak in g  p lace  in  the main 
th e r m o s ta t .  These v a r i a t i o n s  were c a lc u la te d  from the 
th e rm o s ta t  sw itch in g  cycle to  be 10 of a degree 0.
2 .1 4 ,  Ef f e c t  of  Pre s s u re
V a r ia t io n s  in  atm ospheric  p re s su re  wiJi cause sm all 
changes i n  the  d e n s i ty  of the  l iq u id  and in  the  mean d e n s i ty  
o f th e  hydrom eter . An experim ent was c a r r ie d  out to  see 
w hether any g ro s s  changes could be produced by p re s su re  
e f f e c t s .  The p re s su re  w ith in  the t e s t  v e s se l  was in c re a se d  
by amounts up to  12 cm of mercury, and the change i n  balance  
v o l ta g e  was rec o rd ed . These r e s u l t s  a re  g iven  i n  F i g .6 
and Table I I  and show t h a t  atm ospheric  p re s su re  changes of 
1 cm of m ercury may cause changes of the o rder  2 x 10 v o l t  
i n  the  ba lan ce  c o n d i t io n .  I f  the a tm ospheric  p re s su re  
changed by more than  3 mm during  the course of a run , the 
r e s u l t s  were r e p e a te d ,  but in  g e n e ra l ,  u n le s s  g ro ss  changes 
i n  a tm ospheric  p re s su re  occurred , i t  was found not to  be 
n e c e s sa ry  to  c o r r e c t  f o r  p re ssu re  v a r i a t i o n .
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CHi-lPTER I I I  
EXPERIMENTAL RESULTS.
3 . 1 . S a l t s  I n v e s t ig a te d
Of the  t h i r t y - o n e  s a l t s  in v e s t ig a te d  f i f t e e n  were 1:1 
e l e c t r o l y t e s ,  n ine were 2:1 e l e c t r o l y t e s ,  th re e  hydroxides 
and fo u r  t e t r a  a lk y l  ammonium s a l t s .  The l a s t  fo u r  s a l t s  
were s p e c i a l l y  i n v e s t ig a te d  to  see the e f f e c t  of é l e c t r o ­
s t r i c t i o n  on la rg e  io n s .  A ll  th ese  s a l t s  were Analar 
p ro d u c ts  o f th e  B r i t i s h  Drug Houses L im ited .
3 . 2 . D en s i ty  V a r ia t io n s
The range  of d e n s i ty  v a r i a t i o n  over which the
a p p a ra tu s  could  be used , was determined by the i n i t i a l
e x c e ss  mass g iv en  to  the hydrometer i n  the form of p latinum
w ire .  The upper l i m i t  of c o n c e n tra t io n  was reached when
the  hydrom eter f l o a t e d  in  the  absence of the magnetic f i e l d .
In  the  p re s e n t  s e r i e s  of experim ents, the c o n c e n tra t io n
change which would g ive  r i s e  to  a measurable d e n s i ty  change
-6was abou t 3*0 x 10 M.
T ab les  I I I  to  XII c o n ta in  the  da ta  fo r  the  d e n s i ty  
v a r i a t i o n  a g a in s t  c o n c e n tra t io n ,  and F ig s .  7 to  I 6 show 
th e s e  v a r i a t i o n s  g r a p h ic a l ly .
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3*3. Molar Volumes and E le c tro s tr ic t io n
By using equation 3 of S ec .1-2 the molar volumes of 
these s a l t s  were determined from F ig .7 to  16. Since the 
d en sity  v a r ia tio n  was a l in e a r  r e la t io n  of concentra tion  
these values of molar volumes rep resen t the molar volume 
a t  in f in i te  d i lu t io n . Tables XIII to  )CVII show the values 
of molar volumes thus determined.
In  estim ating  the é le c t ro s t r ic t io n  the values of the 
i n t r in s i c  volumes of the e le c tro ly te s  in  so lu tio n  were 
req u ire d . Since the l iq u id  near i t s  m elting poin t behaves 
more l ik e  c ry s ta lin e  s tru c tu re  the d e n s itie s  of the 
e le c tro ly te s  under in v e s tig a tio n  were chosen as those of 
the substances in  th e ir  molten s ta te  and ex trapo la ted  to 
30^c a t  which tem perature the in v e s tig a tio n  was made.
The in t r in s ic  volumes were ca lcu la ted  from these 
values of d e n s i t ie s .  However, in  the cases of L il , 
Cd(NO^)^, LiOH and the four t e t r a  a lk y l ammonium s a l t s  the 
values of the density  were those appertain ing  to  the so lid  
s ta te  as the values of the molten s ta te  d e n s itie s  were not 
a v a ila b le . Table XIII to  XVII show the values of é le c tro ­
s t r i c t i o n  of the e le c tro ly te s  thus estim ated from our 
in v e s tig a tio n . The values of é le c t r o s t r ic t io n  estim ated by 
Mukherjee (38) are a lso  included in  these ta b le s  for 
comparison.
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CHAPTER IV 
DISCUSSION AND CONCLUSION.
4.1 . Discussion
The densitometer thus designed gave excellent and
re lia b le  performances due to i t s  sim plicity of operation
high s ta b il i ty  of the hydrometer ju s t before i t s  f a l l  and
i t s  high se n s itiv ity  to the current control. This
apparatus was found quite capable of measuring changes of
-8density of the order of 10 gm/ml and thus i t  was 
successfully  employed to measure the change of density in  
so lu tions of concentration as low as 3 x 10 ^N.
Very high thermal s ta b ili ty  of the te s t solution 
was the p re-requ isite  condition to achieve sensible re su lts . 
The thermostat system designed gave the desired s ta b i l i ty  
over a long period. However, i t  was f e l t  tha t th is  type 
of work should be undertaken a t a place below the ground 
where external thermal and mechanical disturbances w ill 
be le s s .
The molar volumes of e lec tro ly tes a t in f in ite  
d ilu tio n  determined by long extrapolation from the density 
data obtained a t re la tiv e ly  high concentrations were accepted 
with certa in  reservations. I t  is  known that the slope of
7 7
the p lo t of 0^ a g a in s t‘/<T tends to increase a t higher 
concentration and hence the molar volumes a t in f in ite  
d ilu tio n  thus determined are expected to be s lig h tly  
lower. In our work the density change was measured over 
the concentration range x N to 3.32 x 10"^ N.
In th is  range the density change showed a lin ear re la tio n  
to concentration, and hence the molar volumes of the 
e lec tro ly tes  were found constant; and these values 
represented those of molar volumes a t in f in ite  d ilu tion . 
Since no recourse was taken to any extrapolation these 
values do not suffer from the disadvantage that the 
ex isting  values do. I t  can be seen from equation (?) 
of Sec.1 .2 . Q
d   ^ dr- +- J ^
tha t in  the concentration range of investigation  the 
second term does not give any sign ifican t contribution 
and hence the equation can be w ritten as
d  -  =  C ' l i z d d )  c
\  / C O O  y
This shows that the density change is  a lin ear re la tio n
of concentration. Hence 0^ can be computed from the 
above equation i .e .  
c-
78'
The values of molar volumes determined by us were 
found in  most e le c tro ly te s  s l ig h t ly  h ig h er. In  view of 
our e a r l i e r  d iscu ssio n  th is  was expected to be so . The 
molar volume of KF we found to  be much h igher than the 
value obtained by o ther works . I t s  e x is tin g  value was 
considered to  be much sm aller than expected as i t  was 
determ ined from the den sity  data a t  1.8 M concen tra tion  (l6 ) 
Sane oxyanion s a l t s  a lso  showed considerable d ev ia tio n  
from the e x is tin g  va lues. A possib le  exp lanation  which 
a p p lie s  to  many oxyanions i s  th a t the e ffe c tiv e  charge i s  
h igher than  the formal one.
Table XVIII shows the a d d it iv i ty  of the molar 
volumes of monovalent io n s . The maximum d ev ia tio n  from 
a d d i t iv i ty  was found O.3I ml/mole. S co tt (21) found the 
average d ev ia tio n  from a l l  possib le  combination about 
0.07 cc only. This high dev ia tion  may be accounted by 
the f a c t  th a t  the concen tra tion  range a t  which the molar
4-volurae was determined gave the accuracy of 0^ about - 1 
Ml/mole. In  view of th is  fa c t  the maximum d ev ia tio n  of 
0.31 cc from the a d d it iv i ty  p r in c ip le  may be considered 
n e g lig ib le  and hence the a d d it iv i ty  p r in c ip le  may be 
considered  to  be v a lid .
In  estim ating  é le c t r o s t r ic t io n  the primary d i f f ic u l ty
i s  experienced in finding the in tr in s ic  volume of the
e le c t r o ly te .  However, i t  i s  known th a t the ions in
cry sta ls  are under greater compressive forces than they
are in  solution and hence i t  is  expected that the apparent
in tr in s ic  volume of the ions in  solution should be large.
In  an ingenious way Mukherjee (38) determined the r a t io  of
the ra d ii  in  solution and crysta l i . e .  r  / r  = 1 + Ks c
where K = 0,213 and calculated the in tr in s ic  volumes of the
e lec tro ly te s . However, we attempted to arrive a t the values
of the in tr in s ic  volumes from the density data available.
I t  v/as considered th a t  the e le c tro ly te  in  aqueous so lu tio n s
a t 30°c might behave in a manner as i f  these sa lts  were in
molten s ta te  and hence the densities of these e lec tro ly tes
should be those of molten sta te  extrapolated to 30°c using
the re la tio n .
d^ = a -  b t X  10 ^
where a and b are the characte ristic  constants of the 
e lec tro ly tes  and t  is  the temperature in  °c .
Tables XIII to XVII show the values of é le c tro s tric tio n  
thus estimated. These values are comparable to the values 
estimated by Mukherjee. I t  may be noted tha t the é lec tro ­
s tr ic t io n  in  case of 1:1 e lectro ly tes is  about 10 ml/mole.
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Sim ilarly the é le c tro s tr ic tio n  in case of 1:2 e lectro ly tes 
is  about 30 ml/mole with the exception of Na  ^ Co^. However, 
i t  i s  known th a t the ion Co  ^ behaves very often anomalously. 
I t  may also be noted th a t the é lec tro s tric tio n  in case of 
e lec tro ly te s  with hydroxyl ions is  about 22 ml/mole and in 
case of 2:1 e lec tro ly tes  about 30 ml/mole. MgCl  ^ and gnCl^ 
show very low values of é le c tro s tric tio n . These e lectro ly tes 
are known to form complex ions in  solution and as such the 
molar volumes measured might be much higher than actual 
ones. Hence these show reduced values of é lec tro s tr ic tio n .
In the cases of the four te tra -a lk y l ammonium s a lts  
the é le c tro s tr ic tio n  was found negative. This was within 
our expectation. The ions being large in size the in te r ­
action betv/een the ions and the water molecules is  negligible; 
thus the compressive force due to th is  in teraction  giving 
r ise  to  positive é le c tro s tr ic tio n  is  negligible. I t  may be 
noted th a t the in tr in s ic  volumes of these e lectro ly tes were 
calculated by using the densities of the solid  s ta te  as the 
den sities  of the liqu id  s ta te  were not available. Hence 
the in tr in s ic  volumes shown in  Table XVII must be lower than 
the actual ones. Most probably th is  is  the reason for the 
negative values of the é lec tro s tric tio n  in these cases.
There are hardly any density data for e lec tro ly tic
solu tions available above o p  below 25^c• The present
apparatus design does not permit a temperature variation
experiment to be carried out except a t a very small
temperature in te rv a l. This is  because d ifferen t m aterials
used in  the construction have d iffe ren t expanding
co e ffic ien ts . However, the instrument could be used to
carry out the investigations described in th is thesis
a t any convenient temperature between 0°C and 60°C - a lb e it ,
the l a t te r  temperature would be very uncomfortable. I t
thus, in  i t s  present form, constitu tes a very useful
s c ie n tif ic  tool which could be used to extend greatly  our
knowledge of the density of e lec tro ly tes a t d iffe ren t
temperatures. This type of work is  in progress in  our
laboratory. I t  is  also in te resting  to explore the whole
-6range of concentration from 3.3 x 10 N down to 1M 
and see whether the slope corresponds to the theore tica l 
slope or whether there is  any point of inflexion a t any 
region.
4.2. Conclusion
The densitometer designed is  quite capable of
-8measuring a density change in the order of 1 in 10 
I t  i s  also simple in  operation. The thermostat systems 
devised Can maintain the desired degree of thermal s ta b ili ty
over a long period. However, in  order to achieve s a t i s ­
facto ry  re su lts  the laboratory should be free from magnetic 
m aterial and mechanical disturbances.
In a l l  cases of the the th irty-one e lec tro ly tes  
investiga ted  in  aqueous solution the density shows a lin ea r 
function of concentration over the concentration range of 
5*33 X 10 N to 3 .3 2  X 10 S t. This i s  in  agreement with 
Debye and Huckel lim iting  law.
The molar volumes a t in f in ite  d ilu tio n  calculated 
from our experimental re su lts  show s lig h tly  higher values 
in  most of the e lec tro ly te s  than the values available a t 
p resen t. However, much higher deviations are shown in  
cases of KF, Na^CO ,^ MgCl  ^ and KOH.
Within the lim it of the accuracy of our re su lts  the 
p rin c ip le  of a d d itiv ity  in  case of molar volumes of 
e le c tro ly te s  i s  found valid . The maximum deviation from 
a d d itiv ity  derived from a l l  possible combinations is  O.3 I 
ml/mole.
The é le c tro s tr ic tio n s  estimated on the basis of the 
d en s itie s  of the molten s ta te  of the e lec tro ly te s  are 
comparable to those estimated by Mukherjee. In cases of 
1:1 e le c tro ly te s  the é le c tro s tr ic tio n  is  around 10 ml/mole, 
in  cases of 1:2 e lec tro ly te s  around 50 ml/moles, in  cases of
?3
2:1 e le c t r o ly te s  around 30 m l/m oles, in- cases of e le c t ro ly te s  
w ith  hydroxyl ions around 22 ml/mole and in  cases of t e t r a -  
a lk y l  ammonium s a l t s  around -  20 ml/mole. I t  appears th a t  
é l e c t r o s t r i c t io n  i s  independent of the io n ic  ra d iu s  but 
depends on the  valence ty p e .
The apparen t i n t r in s i c  volume estim ated  on the b a s is  
o f . th e  d e n s ity  of the molten s ta te  of the e le c tro ly te  i s  
alm ost double in  s iz e  compared to  i t s  s ize  in  the  c r y s ta l .
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TABLE XVIII
A d d it iv i ty  of Molar Volumes of Ions
Cl Br I
L i 19.^7 ^ ' 6 .66 ^ 26 . 0 3 ^ •10.20 -—i: 36.23
a 4' ''f
- 0 .67 - 0.571
0.36
1
Na 18I7 0 <^ - ■ 6.76 -
V
25.46 — 10.41 -
■T
11.28 11.18 11.02
K 29". 98 e- - - 6 .66 -—> 36.64 f-— 10.25 -
1-
46.89
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POSTSCRIPT
For a l l  th e  s a l t s  d e a l t  with in  t h i s  t h e s i s ,  the 
range  o f  c o n c e n tra t io n  used was such th a t  only the f i r s t  
term of the  r i g h t  hand s ide  of R oo t 's  equa tion  was 
in v o lv ed  i . e .
/  O <D C f  O O O
However, the ap p ara tu s  i s  such th a t  the same 
e x p e r im e n ta l  accuracy can be m aintained a t  much g r e a te r  
c o n c e n t r a t io n .  I t  was decided to  in v e s t ig a te  th ree  s a l t s  
v i z .  LiiCl, NaCl, and KCl over a much wider range of 
c o n c e n tr a t io n  in  o rder th a t  the t r a n s i t i o n  reg ion  in  which 
the  second term in  the R oo t 's  equation  became e f f e c t iv e  
could be in v e s t ig a t e d .  Table XIX g ives the d e n s i ty  da ta  
and F i g . 17 to  19 give the g rap h ic a l  r e p re s e n ta t io n .
In  o rder  to  compute the value of the slope 
w ith  h ig h e r  accuracy  we have m anipulated the R oo t 's  
e q u a t io n  by ex p re ss in g  as
— ;------—  i k .  G /  / Ü O/ c o o
and p l o t t i n g  l e f t  hand s ide  a g a in s t  F i g . .  20 to  22
show th ese  p l o t s  from the da ta  of Table XX.
The s lope  C^in cases of NaCl and KCl shows the same 
va lue  in  the  l im i t i n g  c o n d it io n  v iz  1 .69 . This i s  what
i s  r e q u i r e d  by Debye and Huckel th eo ry .  But the slope in  
case of L iC l was found to  be 5»60. Li being the sm a lle s t  
io n  behaves anomalously and has shown d i f f e r e n t  behaviour 
on s t r u c tu r e  b reak in g  e f f e c t .  This might be the reason  
f o r  the  d i f f e r e n t  value of the  slope in  case of Li Cl.
Below 1.11 X  10 co n ce n tra t io n  range the apparen t 
m olar volume d e v ia te s  from the square roo t r e l a t i o n  to  a 
h ig h e r  value and thus almost becomes independent of 
c o n c e n t r a t io n .  This i s  a new experim ental f a c t  which i s  
h ig h ly  i n t r i g u i n g  and which only comes to  l i g h t  because of 
the  s e n s i t iv e n e s s  of t h i s  ap p a ra tu s .
Perhaps t h i s  behaviour may be expla ined  in  terms 
of the  r e l a t i v e  dominance of long range over s h o r t  range 
fo r c e s  a t  very  low c o n ce n tra t io n .
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TABLE XX
Data fo r  F ig .  20 to  22.
C . . M oles/L.
_ _ LiCl , NaCl . . KC1__ .  .
(AC -4d)x10 '^ (AC - 4 d ) x 1 0 (AC - 4 d ) x 1 0
0.240 0.44 0.10 - 0 .13
0.413 1.13 0.01 -0.01
0.756 2.98 - 1.32 0 .67
1.57 6 .12 0.76 1.49
1.643 7.14 0.02 - 0 . 1
2.146 10.38 2.31 4 .38
5.507 16.37 5.66 4.88
6 .859 56.47 16.37 16.71
.  "a - % K : ^  d = d - d01000
I k
21
19
LiCl
17
15
0 15X10
7 “ C
- 2
f i g .17. 3he ¥aï*iatiôa ef molar voluma ivith the square root of oono.
21 V
19
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13
0 5X10-2 10X10 -2 13X10 -2
F ig * l8 *  The v a r ia t io n  o f  m olar volume w ith  th e square r o o t  o f  co n c .
y i
30
28
KCl
26
-2 10X10“5X10
'/■c
F i g .1 9 . The v a r ia t io n  o f  molar volume w ith  the square ro o t o f  cono.
A='
1000
d= d-d,
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I
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F i g .20. Determination o f  the  l im i t in g  slope,
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APPENDIX A
1• A c t iv i t y  and A c t iv i t y  C o e f f i c ie n t
The p a r t i a l  m olar f r e e  energy  i s  an im p o rtan t  therm o­
dynam ical p ro p e r ty  i n  co n n ec tio n  w ith  th e  s tu d y  of e l e c t r o l y t e s  
The t o t a l  Gibbs f r e e  energy  G i s  a  f u n c t io n  of p r e s s u r e ,  
tem p era tu re  and the  amounts of th e  c o n s t i t u e n t s  p r e s e n t  i n  
the  sys tem . Thus th e  change of f r e e  energy  accompanying 
a change i n  a g iv en  system a t  c o n s ta n t  tem p era tu re  and 
p re s s u re  i s  e x p re ssed  a s
where n*s a re  th e  amounts of the  c o n s t i t u e n t s  p r e s e n t  i n  
th e  system  a n d , ' ’*f’s  a re  c a l l e d  th e  chem ical p o t e n t i a l .  
C o n s id e r in g  the  thermo-dynamic c o n d i t io n s  of e q u i l ib r iu m
O 'A -^ jp  r  = . . .  (2)
Now i n  case  of i d e a l  g a se s  th e  p a r t i a l  m olar
volume of a c o n s t i t u e n t  i s  e q u a l  t o  i t s  m olar volume
i n  the  system s in c e  th e re  i s  no change on m ix ing . I f  p
RTi s  the  p a r t i a l  p r e s s u r e  of the  c o n s t i t u e n t  th e n  -  —
where R i s  th e  gas c o n s ta n t ,  and T i s  the  a b s o lu te  
te m p e ra tu re .  From th e  thermodynamic c o n s id e r a t io n
( '  . . .  <3>
^OI
On i n t e g r a t i o n  t h i s  e q u a t io n  g iv e s
M  ^  / - C  i  I n  p  . . .  (4)
where i s  a c o n s ta n t  depending on th e  n a tu re  of the  g as
and th e  tem p era tu re  of the  sys tem . I t  shows t h a t i s  
e q u a l  to  th e  chem ical p o t e n t i a l  of the  i d e a l  gas a t  u n i t  
p r e s s u r e .
From e q u a t io n  (2) we have observed  t h a t  f o r  a system 
a t  e q u i l ib r iu m  a sm all  change a t  c o n s ta n t  p r e s s u r e  and 
tem p era tu re  s h a l l  n o t  be accompanied by any change of f r e e  
e n e rg y .  T h is  l e a d s  to  th e  f a c t  t h a t  the  chem ical p o t e n t i a l  
of any c o n s t i t u e n t  i n  a l i q u i d  i s  eq u a l  to  i t s  vapour 
p re s s u re  when th e  l i q u i d  i s  i n  e q u i l ib r iu m  w ith  i t s  vapour 
T h is  g iv e s  a measure of th e  chem ical p o t e n t i a l .  I f  the 
vapour i s  n o t  i d e a l ,  the  p a r t i a l  p r e s s u r e  i s  to  be 
r e p la c e d  by an i d e a l  p re s s u r e  c a l l e d  ’f u g a c i t y ’ by Lewis 
(1 1 0 ) .  According t o  R a o u l t ’s law th e  p a r t i a l  vapour 
p re s s u re  of any c o n s t i t u e n t  o f an i d e a l  s o l u t i o n  i s  
p r o p o r t io n a l  to  i t s  m o le - f r a c t i o n  N i n  the  s o l u t io n  and 
hence th e  chem ical p o t e n t i a l  i n  the  l i q u i d  i s  g iv en  by
,.-c c =- " -h r  />.. A
= r  À .
w h e r e i s  a c o n s ta n t  f o r  th e  p a r t i c u l a r  c o n s t i t u e n t  of 
the  s o l u t i o n  and indepen den t of th e  com position  b u t
10%
dependent on the  te m p e ra tu re  and th e  p r e s s u r e .
E l e c t r o l y t i c  s o l u t i o n s  a re  no t g e n e r a l ly  i d e a l  and 
th e  e q u a t io n  (5 ) i s  m o d if ied  a r b i t r a r i l y  to  take  i n to  accoun t 
the  d e v ia t i o n  from th e  i d e a l  by w r i t in g  th e  e q u a t io n  i n  the
j(A  -h  / / ' i  Oy
. . .  (6 )
where f  i s  the  c o r r e c t i o n  f a c t o r  known a s  th e  a c t i v i t y  
c o e f f i c i e n t  of th e  c o n s t i t u e n t  i n  the  g iven  system  and 
’a ’ r e p r e s e n te d  by fN i s  c a l l e d  the  a c t i v i t y  of the  
c o n s t i t u e n t .
I t  i s  q u i te  e v id e n t  from e q u a t io n s  (5) and (6 ) t h a t  
f o r  th e  i d e a l  s o l u t i o n  the  a c t i v i t y  c o e f f i c i e n t  i s  u n i ty  
and th e  d e v i a t i o n  of i t s  v a lu e  from u n i ty  i s  a measure of 
th e  d e p a r tu re  of the  s o l u t i o n  from i t s  i d e a l  b e h a v io u r .
I t  i s  a l s o  e v id e n t  t h a t  a s  the  d i l u t i o n  of a s o l u t io n  
i n c r e a s e s  th e  s o l u t i o n  i t s e l f  te n d s  tow ards i d e a l  b e h av io u r ,  
and hence a t  i n f i n i t e  d i l u t i o n  f  i s  u n i t y .  C onsequently
y  .
becomes the  chem ical p o t e n t i a l  of a pure  l i q u i d .  I t  
may be remembered t h a t  th e  v a lu e s  of a c t i v i t y  and a c t i v i t y  
c o e f f i c i e n t  a re  dependent on the  c o n c e n t r a t io n  s c a l e s .
2 . I n t e r i o n i c  A t t r a c t i o n :  The Io n ic  Atmosphere
Debye and Huckel i n  t h e i r  famous th e o ry  c a l c u l a t e d  the
e l e c t r i c a l  p o t e n t i a l  a t  a p o in t  i n  th e  s o l u t io n  i n  term s
of th e  c o n c e n t r a t io n s ,  c h a rg es  of io n s  and the  p r o p e r t i e s
of the  s o lv e n t .  They ach iev ed  th e  r e s u l t  by combining
P o i s s o n ' s  e q u a t io n  o f  e l e c t r o s t a t i c  th e o ry  and the
Boltzmann d i s t r i b u t i o n  law .
The e l e c t r i c  p o t e n t i a l  produced by an io n  of charge
g  i n  a s o lv e n t  of d i e l e c t r i c  c o n s ta n t  D a t  a d i s ta n c e
r  from th e  io n  whose r a d iu s  i s  c o n s id e re d  to  be ze ro  i s
^ . But i n  th e  case  o f  e l e c t r o l y t e  s o l u t io n s  i t  i s  no t 
Dr
so s im p le . Debye and Huckel assumed t h a t  each io n  i s  
su rrounded  by a number of io n s  of o p p o s i te  charge  th u s  
form ing an  i o n ic  atm osphere and th e  p o t e n t i a l  ^  due to  
t h i s  io n  and i t s  a tm osphere a t  a d i s t a n c e  r  i s  g iv en  by 
th e  P o i s s o n ’s e q u a t io n .
-  ^  - . . .  (7)
where i s  th e  charge d e n s i ty  a t  t h a t  d i s t a n c e  r .  Now the
charge d e n s i ty  due to  a j '  io n  i s  g iv en  by 
^  -  Jr
/ f  -  •••
Here i s  th e  tim e average  c o n c e n t r a t io n  of i  io n s
i n  a volume elem ent i n  th e  v i c i n i t y  o f a j  io n  and S 
r e p r e s e n t s  th e  v a r io u s  s p e c ie s  of th e  io n s .  Thus th e  
p o t e n t i a l  V a t  a d i s ta n c e  r  from the  j  io n  i s  g iven  by
rrV  'A- -- -  <r 71 ; ;  Y . . .  (9)
/
fIn  o rd e r  to  f in d  the  value  of n ... Debye and Huckel
3 ^
assumed t h a t  th e  Boltzmann d i s t r i b u t i o n  law i s  a p p l ic a b le  
h e r e . Hence _ ,
, f -  '  . . .  ( 10 )
where 1%^  i s  the  b u lk  c o n c e n t r a t io n  of i  i o n s ,  E j i  i s  th e
p o t e n t i a l  en ergy  of an i  io n  in  the v i c i n i t y  o f  a j  io n
and k i s  th e  Boltzmann c o n s t a n t .  E j i  can be e x p re ssed
a s  E j i  = cj , Hence
i  '  , r.
■Ki'y. ^  11 )
/
T h is  e q u a t io n  shows c o n t r a d i c t i o n  by the  f a c t  t h a t  
the  p o t e n t i a l  i s  n o t  l i n e a r l y  p r o p o r t io n a l  to  ; by
assum ption  t h i s  p r o p o r t i o n a l i t y  shou ld  be l i n e a r .  Hence 
i t  can be approxim ated  as
6 - /=  ( -  Ç  A '  J  ( i a )
n e g le c t in g  h ig h e r  term s i n  the e x p an s io n . T h is  i s  q u i te  
j u s t i f i e d  when i-,. _ i s  sm a l l .  T h is  c o n d i t io n  can on ly  
be ach iev ed  when th e  c o n c e n t r a t io n  i s  ve ry  low, and th e re b y
4/ becomes s m a l l .  On s u b s t i t u t i o n  of t h i s  ap p ro x im a tio n  
th e  e q u a t io n  ( 11 ) becomes
Now the  e l e c t r o n e u t r a l i t y  of th e  s o l u t io n  r e q u i r e s
t h a t  ^ n .q .  i s  z e ro .  P u t t i n g  T . = Z. where Z. i s  th e  .< ^ 1 1  1 1  1
v a len cy  of i  io n  and i s  th e  e l e c t r o n i c  charge in  
e q u a t io n  ( 13) we g e t
= I T  ÿ . .  (14)
c o n s id e r in g  ^
6 Z C  i J . .  /  . . .  ( 15)
k  r  <
th e  e q u a t io n  (14) becomes
—  4" . . .  ( 16)
In  the  absence of th e  e x t e r n a l  f i e l d  th e  e l e c t r o l y t e
i s  i n  an u n p e r tu rb e d  s t a t e  and hence the  i o n ic  atm osphere 
es
p o s s e s s / s p h e r i c a l  symmetry. Thus e q u a t io n  (11) can be
Z  \  o r /
The i n t e g r a t i o n  of the  e q u a t io n  w i l l  g ive  a s  a
■ X
f u n c t io n  of r  and k on ly , where k i t s e l f  i s  a 
f u n c t io n  of the  d i e l e c t r i c  c o n s ta n t  o f the  medium, the  
tem p era tu re  and the  c o n c e n t r a t io n  of the  e l e c t r o l y t e .
The g e n e ra l  s o l u t i o n  of the  e q u a t io n  (1?) i s
(jy. = ~ exp ( - k r )  + — exp (k r )  ( l 8 )/ 0 r  r  ^
Where A and B a re  c o n s ta n t  o f i n t e g r a t i o n  s in c e  when
A: 6
r  i s  i n f in i t y V '=  o B must be e q u a l  to  z e ro ,  k be in g  
a f u n c t io n  of c o n c e n t r a t io n  k r  becomes ve ry  sm a ll  a t  very  
low c o n c e n t r a t io n  and hence the  rem ain ing  e q u a t io n  can be 
expanded n e g le c t in g  h ig h e r  te rm s to  o b ta in  the  e q u a t io n
y / j  = P -  Ak . . .  (19)
Now a t  i n f i n i t e  d i l u t i o n  k = o, so  th e  p o t e n t i a l  
i s  s im ply  t h a t  of a s in g le  io n  v i z .  2 ^ 6  /D r 
th u s  from ( 19)
A = ^3 ^  . . .  (20)
D
Hence th e  e q u a t io n  (18) becomes 
Z.(-
—  exp ( -  k r )  . . .  ( 2 1 )
(
which can be e x p re ssed  i n  a n o th e r  form
Z . f  Z . ^ r  7
y .  =   [  1 -  exp ( - k r ) y  . . .  ( 2 2 )
The f i r s t  term of t h i s  e q u a t io n  r e p r e s e n t s  the  
p o t e n t i a l  o f an io n  a t  a d i s ta n c e  r  i n  the  medium of 
d i e l e c t r i c  c o n s ta n t  D, The second term i s  the  p o t e n t i a l  
o f the  io n ic  a tm osph ere . For the  sm a ll  v a lue  of k r  
which i s  t r u e  on ly  i n  ve ry  low c o n c e n t r a t io n  th e  e q u a t io n  
becomes
/ z' 6 Z ' 6  k
/  j  " t o ”  “ “ ^D
T h is  e q u a t io n  a l s o  fo l lo w s  from (19) combined v/ith
/o  /
(2 0 ) .  Now c o n s id e r in g  ^  a s  the  p o t e n t i a l  due to  
on ly  io n ic  atm osphere we g e t
^  . . .  (24)
I t  i s  a p p a re n t  from t h i s  e q u a t io n  t h a t  2  has  the.
k
dim ension  o f  d i s ta n c e  and i s  a c t u a l l y  the  mean r a d iu s  of 
the  i o n ic  a tm osphre .
The c o n c e n t r a t io n  of an io n  i n  mole p e r  l i t r e  
o f s o l u t i o n  i s  r e l a t e d  to  n^ i . e .  io n s  p e r  c . c .  by
Ci = \  . . .  (25)
N
VJhere N i s  th e  A vagadre’s number. P u t t in g  t h i s  va lue  in  
e q u a t io n  ( 13) i t  i s  reduced  to
D k T 1000
where by d e f i n i t i o n
(26)
I  = (27)
/
and i s  c a l l e d  ’i o n a l  s t r e n g t h ’ . G r e p r e s e n t s  th e
m olar c o n c e n t r a t io n  of the  s o lu t e  and i s  th e  number
of io n s  of i  k ind  of v a le n cy  Zi produced by d i s s o c i a t i o n
of one m olecule  of th e  s o l u t e .
3* The Debye Huckel L im itin g  Law
The p o t e n t i a l  a t  a  d i s ta n c e  r  due to  io n s  of j  t h
/ o ÿ
k ind  in  an e l e c t r o l y t e  s o l u t i o n  i s  g iv en  by e q u a t io n  ( 23 ) .  
Suppose t h a t  a l l  the  io r ^ a r e  w ith o u t  ch a rg es  and t h a t  
su c c e s s iv e  sm all  ch a rg es  a re  b rough t to  the  io n s  from 
i n f i n i t y  i n  such a way t h a t  a t  any i n s t a n t  a l l  the  io n s  
g e t  th e  same f r a c t i o n  \  o f t h e i r  f i n a l  charge  .
Then th e  p o t e n t i a l  d u r in g  the  c h a rg in g  p ro c e s s  i s
y = A lii  - AlilA- ... (28)
/ j i  Dr . D
where k i s  the  va lue  of the  q u a n t i t y  k a t  t h a t  i n s t a n t ,
and t h i s  i s  the  same f r a c t i o n R v a l u e  of i t s  f i n a l  va lue  i . e .
= \ k .  Hence the  e q u a t io n  (28) can be v / r i t t e n
^  ^  "  Y  . . .  (29)
A \ Dr D
Now i f  th e  sm a ll  charge Zy( d j (  i s  b rough t from i n f i n i t y
to  the  io n  of j  th  k in d  the  c o rre sp o n d in g  work done i s
. Z . f  jcI X • Hence the  t o t a l  e l e c t r i c a l  work done in
ch a rg in g  co m p le te ly  i s
/  À -  f
i  -  C
Z . A "  Z . A ' k
2^Dr “ ^3 D
I f  Nj i s  th e  t o t a l  number of io n s  o f  j  t h  k ind  the  
t o t a l  e l e c t r i c a l  work W(el) done i n  ch arg ing  co m p le te ly  
a l l  the  io n s  of th e  s o l u t i o n  i s
: O j
N. Z .2 (, 2 /  N. z f  A ^
J .1  ^ -  >  J 3 ^
k
"(^1) = 1 — y v —
>
At i n f i n i t e  d i l u t i o n  the  i o n ic  atm osphere d i s a p p e a r s  and 
k = o . Hence th e  e l e c t r i c a l  work done i n  ch arg ing  the  
io n s  a t  i n f i n i t e  d i l u t i o n  i s
W °(el) = £ .  ^4 ^  '  (3 2 )
3 2 D ro
w^here Do i s  th e  d i e l e c t r i c  c o n s ta n t  o f the  pure  s o lv e n t .
Assuming t h a t  a t  low c o n c e n t r a t io n  Do = D the  
d i f f e r e n c e  between the  e l e c t r i c a l  work i n  c h a rg in g  th e  
same io n s  a t  a d e f i n i t e  c o n c e n t r a t io n  and a t  i n f i n i t e  
d i l u t i o n  i s  g iv en  by
W(el) -  W °(el) = -  ^3 ^3 ^  ^  . . .  ( 33 )
j  3 D
I t  a l s o  assumed t h a t  th e  volume change due to  the  
ch a rg in g  p ro c e s s  a t  c o n s ta n t  p r e s s u r e  i s  n e g l i g i b le  and 
hence W(el) -  W °(el) can be i d e n t i f i e d  w ith  th e  d i f f e r e n c e  
between th e  e l e c t r i c a l  f r e e  energy  of an  io n ic  s o l u t i o n  
a t  a d e f i n i t e  c o n c e n t r a t io n  and a t  i n f i n i t e  d i l u t i o n .
The f r e e  energy  G of a s o l u t io n  c o n ta in in g  io n s  
may be re g a rd e d  a s  be in g  made up of two p a r t s :  f i r s t
co rre sp o n d in g  t o  th e  va lue  of an i d e a l  s o l u t i o n  a t  th e  same 
c o n c e n t r a t io n  as  th e  i o n ic  s o l u t i o n  Go and second , an
amount due to  th e  e l e c t r i c a l  i n t e r a c t i o n  of th e  io n s  G ( e l ) .
r
I ! o
Thus
G = G^ + G ( e l )  . . .  (34)
where G(el) may be id e n t i f ie d  with W(el) - W^(el),
D i f f e r e n t i a t i n g  t h i s  e q u a t io n  w ith  r e s p e c t  to  , 
the  number of io n s  of j  t h  k ind  a t  c o n s ta n t  tem p era tu re  
and p re s s u re  we g e t  -
3  G _ ^  Go à G ( e l )  . . .  (55)
? " j  ■ 3 "j *
or in  term s of chem ical p o t e n t i a l s .
^ 3  + y W j(e l)  . . .  (3 6 )
According to  th e  d e f i n i t i o n  of th e  chem ical 
p o t e n t i a l y H 3 , which i s  now f o r  a s in g le  io n ,  can be 
w r i t t e n  from e q u a t io n  (6 )
A J .  : = + k T 1 n a  .
a J
-  M  ° j  + k T l n N . + k T l n f .  . . .  (37)
0 J
Since  a j  = N . f .  w h e r e / / ,  i s  the  i o n ic  c o n c e n t r a t io n
3 0 3
i n  m o le f r a c t io n  and f^  i s  the  a c t i v i t y  c o e f f i c i e n t .
S in ce /4C (o )  r e f e r s  to  the  i d e a l  s o l u t i o n  i t  
fo l lo w s  t h a t
y - . C o )  = M j °  + k  T 1 n A '.  . . .  (38)
J 3
and from e q u a t io n s  (36 ) ,  (3 7 ) and (3 8 )
3 ( e l )  = k T 1 n f j  . . .  (39)
n i
C o n sid e r in g  th e  va lue  of G (e l)  g iv en  i n  e q u a t io n  (33)
and d i f f e r e n t i a t i n g  w ith  r e s p e c t  to  Nj and remembering
t h a t  k in v o lv e s  \J n. a n d / N .1 1 we ge t
y . ( e l )  = k T f . = -  .^1 ' ^  ^  . . .  (40)
a 0 2 D
Now by s u b s t i t u t i n g  th e  v a lue  of k from e q u a t io n  
(2 6 ) and r e - a r r a n g in g  the  term s we g e t  /A
i.q . - illl_  I ZLYi- 'i '/Ï
,  j  D f e  l , \  / c c c  c / f T ' j
= - ^ j f r T T  r / y -  . . .  (41)
ï I-717A7ToOt Ÿ  j ^1-
The mean a c t i v i t y  c o e f f i c i e n t  of an e l e c t r o l y t e
d i s s o c i a t i n g  i n to  p k in d s  o f  io n s  i s
/ /'^
I n f  = -r;' A ^ . l  n f . . . .  (4-2)
/
Where one m olecule  of e l e c t r o l y t e  by d i s s o c i a t i o n  
produced a t o t a l  number o f  io n s  )) o f  which ))  j  a re  
o f j  th  k in d .
Combining e q u a t io n s  ( 4 l )  and (42) we g e t
T h is  e q u a t io n  i s  known a s  th e  Debye Huckel l i m i t i n g  law 
which shows th e  v a r i a t i o n  of the  mean a c t i v i t y  c o e f f i c i e n t  
of an e l e c t r o l y t e  w ith  i t s  i o n ic  s t r e n g th  I .  T h is  i s  
c a l l e d  l i m i t i n g  because  the  ap p ro x im atio n  made i n  the 
d e r i v a t i o n  of the  p o t e n t i a l  a t  an io n  due to  i t s  io n ic
n z
atm osphere can be made j u s t i f i a b l e  on ly  a s  an i n f i n i t e  
d i l a t a t i o n  i s  approached .
4 . P a r t i a l  Molar Volume and C o n c e n tra t io n
From th e  therm odynam ical c o n s id e r a t io n  a t  c o n s ta n t  
co m pos it ion , te m p e ra tu re  and charge
= 9  R T /  s
\
o
= p R  T /  ^  y  y y  . . . ( 4 4 )
a y  y
Where V2 i s  the  p a r t i a l  m olar volume of one mole of
e l e c t r o l y t e ^ y g  i s  t h a t  of an a r b i t r a r y  s ta n d a rd  s t a t e ,  
and -  G  ^ i s  the  r e l a t i v e  p a r t i a l  f r e e  energy  o f  the  
e l e c t r o l y t e s  i n  s o l u t i o n  and Y  ± t h e  a c t i v i t y  c o e f f i c i e n t  
when the  c o n c e n t r a t io n  i s  e x p re ssed  in  m o la r i t y ,  and th e  
o th e r  te rm s hav ing  u s u a l  meaning. Combining t h i s  e q u a t io n  
w ith  th e  e q u a t io n  (43) and c a r ry in g  on d i f f e r e n t i a t i o n  we 
o b ta in
y  4  :  f  - y p c - r O  A
/ > /  (
=  4  !< c '" '
0  . . .  (45)
U 3
Oy
where w = s  V’. 2 -  * . . .  (46)
. y  y  !
and k = 2 3  r  A  A _ _ ... -  A " )
'  W  o  o  c  ~r) \  > A ^
and -  c o e f f i c i e n t  of c o m p r e s s ib i l i t y
= A A i A _  . . .  (48)
3  y
Now p u t t i n g  k OO the  e q u a t io n  (4^) becomes
A  = ^ 2  + i  5 ,  . . .  (49)
T h is  e q u a t io n  was f i r s t  d e r iv e d  by R e d lick  and R o s e n i ie ld  
(17, l 8 ) .  T h is shows t h a t  th e  p a r t i a l  m olar volume depends 
l i n e a r l y  on th e  square  r o o t  of c o n c e n t r a t io n  and th e  v a len ce  
f a c t o r  g iv en  by e q u a t io n  (4 6 ) .
113 ^
REFERENCES
1. W. S u th e r la n d ,  P h i l .M a g .6 ,  l6 ? (1 9 0 2 ) ,  7 ,  1 (1906).
2 .  A.A, Noyes, Congress A r t s .  S c i . ,  S t .  L au is  E x p o s i t io n
4, 317 (19 04 ) .
3 .  N. B jerrum , D. Kgl Danske Vidmsk, S e l s k .
4 . J .  J ;  Van L aar ,  Z. Phy. Chem. 15, 457 (1894).
5 .  P . H e r tz ,  Ann. p h y s ik  ( 4 ) ,  37, 1 (1912).
6 .  I .  G. Ghosh, J .  Chem. Soc. 113, 449 ( 1918)72
7 .  R. M iln e r ,  P h i l .  Mag. 23, 551 (1912); 25, 742 (1913)
8 . B ro n s te d ,  J .  Am. Chem. Soc. 44, 877 (192 2 ) .
9 . Debye and Huckel, Physik  Z, 24, I 85 (1923 ) .
10. Onsagar, p h y s ik  Z, 28, 277 (1927).
11. H elfand  and Kirkwood, J .  Chem.Phy. 32, 857 ( I 96O).
12 . .  B jerrum , Kgl Danske Vidmsk, S e ls k ,  m a t . f y s .
Medd, 7 No.9 (19 26 ) .
13. Puo ss ,  Chem. Rev. 17, 27 (1935 ) .
14. Masson, P h i l .  M ag.(7) 8 , 2 l 8 (1929 ) .
15 . Root, J .  Am. Chem. Soc. 55, 850 (1933).
1 6 . G effcken , Z .p h y s ik .  Chem. A155 1 (1931)
17 . G u c k e r ,J .  Phy.Chem. 3 8 , 311 (1934).
18 . Gucker,j. Am. Chem. Soc. 6 0 , 2582 (1938).
19 . G ibson, J .  Phys , Chem. 3 8 , 320 (193 4 ) .
20. B ax te r  and W allace : J .  Am. Chem. Soc. 3 8 , 70 ( I 916) .
iH f
REFERENCES (o o n t)
21. S c o t t ,  J .  Phy. Chem. 35, 2315 (1931).
22. W irth , J .  Am. Chem. Soc. 59, 2549 (1957)
J .  Am. Chem. Soc. 62, 1128 (1940)
2 3 . H u t t ig ,  Z. E lektrochem  34, 14 ( 1928)
24. Kohner, Z. P hy s ik  Chem. I 3 I , 427 (192 8 ) .
2 5 . Holemann and Kohner, Z. P hysik  Chem. B13, 338 (1931).
2 6 . S h ib a ta  and Holemann, Z. P h y s ik  Chem. BI3 , 34? (1931).
2 7 . Longsworth, J .  Am. Chem. Soc. 57, I 185 (1935).
2 8 . Owen and B r in k le y ,  Chem. Rev. 29, 461 (1941 ) .
2 9 . Fajams and Johnson , J .  Am. Chem. Soc. 64, 668 (19 42 ) .
3 0 . La Mer and G ronw all, J .  Phy. Chem, 31 ,393  (1927).
3 1 . R e d lic k ,  J .  Phys. Chem. 44, 6 I 9 (1940 ) .
3 2 . R e d lic k ,  Meyer Chem. Rev. 14, 221 (1964 ) .
3 3 . G effcken , Beckmann and K ru is ,  Z. P hys ik  Chem. B20,
398 ( 1933) .
3 4 . Lamb and Lee, J .  Am. Chem. Soc . 35, 1666 (1913 ) .
3 5 . Kohlra.usoh and Hallw ach, V/ied. Ann. 53, 14 (1894).
3 6 . R eg g ian i ,  Rend. Reale Accad. d e i  L in c e i  (4 ) 6 , ( 189O)
3 7 . V in c en t ,  P ro c .  Phy. Soc. Lon. 45, 833 (1933).
3 8 . W irth , Thompson and U t te rb a c k ,  J .  Am. Chem. Soc.
57, 400 ( 1935) .
39 . F r iv o ld ,  P hy s ik  Z. 21, 529 (1920).
40 . G effcken and P r i c e ,  Z. P hys ik  Chem. B26, 8l (1933);
B34, 81 ( 1934) .
I l  y
REFERENCES (C o n t .)
4 1 . K ru is ,  Z. P hysik  Chem. B34, 1 (1936).
42. G effcken , K ru is  and S o lana ;  Z. P h y s ik .  Chem. B33,
317 (1937).
4 3 . Drude and N e rs t ,  Z. P hy s ik . Chem. I 3 , 79 (1694).
44. Born, Z. P h y s ik .  1, 45 (1920).
4 5 . F rank , J .  Chem. Phy. 23, 2023 (1953).
46. L a tim ar ,  J .  Am. Chem. Soc. 48, 1234 ( I 926) .
4 7 . S c a tc h a rd ,  T ran s . F a r .  Soc. 23, 454 (1927).
48 . Bjerrum and L arsso n , Z. P hys ik  Chem. 127, 338 (1927).
4 9 . B jerrum , T ra n s .  F a r .  Soc. 23, 434 ( I 927) .
3 0 . Huckel, P hysik  Z. 26, 93 (1923 ) .
3 1 . Webb, J .  Am. Chem. Soc. 48, 2389 (1926).
3 2 . Zwicky and E v jen , Phy. Rev. 33, 86O ( I 929) .
3 3 . L a tim ar and K asper, J .  Am. Chem. Soc. 5 I , 2293 (1929).
3 4 . Benson and Copeland, J .  Phy. Chem. 6 7 , 1194 ( I 963) .
3 3 . C ourtu re  and L a d le r ,  Can. J .  Chem. 34, 1209 (1936)
5 6 . H e p le r ,  J .  Phy. Chem. 6 I ,  1426 (1937).
3 7 . G oldschm idt, Norske V idenskaps Akad. Oso, No.8
p .  69 ( 1926) .
3 8 . M ukherjee, J .  Phy. Chem. 6 5 , 740, 744 ( 196I ) .
3 9 . R e d lick  and B ig e l e i s e n ,  Chem. Rev. 30, I 7 I (1942),
J .  Am. Chem. Soc. 64, 738 (1942)
6 0 . P a u l in g ,  ”The N ature  of the  Chemical Bond-’ C o rn e ll
U n iv e r s i ty  P r e s s ,  N.Y. ,  1943.
H é
REFERENCES (Cont’d.)
6 1 . Benson and Copeland, J .  Phy. Chem. 6 7 , 1194 ( I 963) .
6 2 . G lueckauf, T ran s . F a r .  Soc. 6 0 , 372 (1964).
6 3 . H asted , R i tso n  and C o l l i e ,  J .  Chem. Phys. I 6 , 1 (1948)
64. H asted and R i ts o n ,  J .  Chem. Phy. I 6 , 11 (1948).
6 3 . H asted , J .  Chem. Phy. 20, 1432, (1932).
6 6 . Noyés, J .  Am. Chem. Soc. 8 6 , 971 (1964).
6 7 . S to k e s ,  J .  Am. Chem. Soc. 8 6 , 979 (1964),
6 8 . Weld, Phys. Rev. 7 , 421 ( I 916 ) .
6 9 . B i t t z  and S p ech t,  Z. Anong. Chem. 13O, 10 (1923).
7 0 . Johnson and Adam, J .  Am. Chem. Soc. 34, 363 (1912).
71 . S p re n g e l ,  J .  Chem. Soc. 26, 1873 (3 7 7 ) .
7 2 . O stw ald, J .  Phakt Chem. I 6 , 383 (1877).
7 3 . P e rk in s ,  J .  Chem. Soc. 43, 421 (1884).
7 4 . B o n s f ie ld ,  J .  Chem. Soc. 93, 679 (1908).
73, Tammann, Z. Phy. Chem. I 6 , 9I (1893).
7 6 . H a r t le y  and B a r r e t ,  J .  Chem. Soc. 99, 1072 ( I 9 I I ) A
7 7 . Manley, P ro c .  Roy. Soc. E d in . 24, 347 (1902).
7 8 . Wade and Merriman, J .  Chem, Soc. 101, 2429 (1912).
7 9 . Cohen and B uiz , J .  Chem. Phy. 33B, 270 (1937).
8 0 . Bat Lie cas  and Casado, J .  Chem. Phys, 33, 4 l (1936).
8 1 . Dana, B urd ick  and J e n k in s ,  J .  Am. Chem. Soc. 49,2801
( 1927) .
/ /  7
REFERENCES ( C o a t 'd . )
8 2 . Quinn and Wernimont, J ,  Am. Chem. Soc. 3 I , 2002 (1929).
83 . Sch loesG er, Chem. Z tg , 33, 1103 (1909).
84. Bruhl, Ber. 24, 182, 2433 ( I 89I ) .
8 3 . Fontana and Calvin, Ind. Eng. Chem. Anal. l 4 ,  183(1942).
Me le a n  and Adams, J .  /mi. Chem. Soc. 3 8 , 8o4 (1938)
8 6 . H a l l ,  J .  Am. Chem. Soc. 39, 1319 (1917).
8 7 . Boot, J .  Am. Chem. Soc. 19, 6l (1897).
88 . H i lb e r  and R ie s s ,  Z. an o rg .  Chem. I 8 0 , 223 (1929).
89 . W right and T a r t a r ,  J .  Am. Chem. Soc. 6 I ,  344 (1939).
9 0 . Smith and W ojciechow ski, B u l l .  Acad. P o lo n . 123 (1936A)
9 1 . Walden, U lich  and B i r r ,  Z. Phys. Chem. I 3 0 , 493 (1927).
92 . S w if t ,  J .  Am. Chem. Soc. 64, I I 3 (1942).
Dean and L e g a ts k i ,  In d .  Eng. Chem. Anal. I 6 , 7 (1944)-.
9 3 . L i n t l  and H arder , Z. E le k tro c h e n .  41, 33 (193 3 ) .
9 4 . C lave ra  and M a r t in ,  An. F i s .  Quim, 32, 690 (1934).
9 3 . Washburn and Sm ith, Bur. S ta n d . J .  Res. 12, 303 (1934).
96 . P a rk e r  and P a rk e r ,  J .  Phy. Chem. 29, 130 (1923).
L ip k in  e t  a l . ,  I n d .  Eng. Chem. A nal. I 6 , 33 (1944).
9 7 . Baur, P h y s ic a l  Methods of O rganic C hem istry , N.Y.
1 , 83 ( 1943) .
9 8 . Jo n e s ,  T ay lo r  and Vogel, J .  Am. Chem. Soc. 70, 966 (1948). 
Germann, J .  Phy. Chem. 29, 138 (1923).
9 9 . W irth , Thompson and U t te rb a c k ,  J .  Am. Chem. Soc. 37, 400
( 1933)
/ /B
REFERENCES ( C o n t ' d . )
99. V/. L. M a s te r to n ,  J .  Chem. Phy. 22, I 83O (1934),
100. K ohlrausch , Ann. Phys. 36 ,183  (1893).
101', Hare, Amer. J .  S c i .  11^ 121 ( I 826) .
102. Mohr, Lerbuch d e r  p h a rm aceu tischen  T echnik , 348 (1833).
103. W estphal, Z. a n a l  Chem. 9, 233 ( I 87O).
F in d la y ,  P r a c t i c a l  P h y s ic a l  Chem. 6 l (1941).
104. L e ig h ton  and He 1dman, J .  /mi. Chem. Soc. 6 3 , 2276 (1943).
B r is c o e ,  Robinson and Sm ith , P h i l .  Mag. 3 ,  63 (192 7 ) .
R icha rds  and S h ip la y ,  J .  Am. Chem. Soc. 34 399 (1912).
103. Lauder, T ran . Fa r .  Soc. 44, 78 (1948).
Hoge and V/echster, J .  Chem. Phy. 17, 617 (1949).
106. P i s a n t i  and R eg g ian i,  Rend. R e a le .  Accad. L ei L in c i .
7 (4 ) ,  99 ( 1890) .
R icha rds  and S h ip la y ,  J .  An. Chem. Soc. 34, 399 (1912).
107. Lamb and Lee, J .  Am. Chem. Soc. 3 3 (2 ) ,  I 668 (1913).
108. G effcken , Beckmann and K ru is ,  Z. P h y s ic .  Chem. B20,
398 ( 1933) .
109. M aclnnes, Dayhoff and Ray, Rev. Sc . I n s t .  22, 642 (1931). 
Maclnnes e t  a l ,  J .  Am. Chem. Soc. 74, IOI7 (1932).
110. Lewis, P ro c .  Am. Acad. S c i ,  37, 43 (1901) and 43, 239
( 1907) .
111. R ed lick  and R o s e n f ie ld ,  Z. E lek trochem . 37, 703 (1931). 
R e d lick  and R o s e n f ie ld ,  Z. p h y s ik  Chem. A133, 63 (1931).
